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PREFACE TO THE FIRST EDITION 


The book is written according to the Intermediate Syllabi of 
Physics of different Indian Universities. The book has a special 
recommendation, inasmuch as it is neither too bulky for a student 
of me merit, nor too meagre in its information for an inquisitive 
student. 


The subject matter herein has been treated in a systematic way 
and in a simple and clear style with ample illustrations and 
explanatory diagrams. A sufficient number of experiments, the 
end of each Chapter and Exercises containing Questions of different 
Universities with direct reference to the Articles form special 
features of the book. Numerous problems of different types put 
herein will make a student independent of any separate book on 
Examples. Articles marked with asterisks deal with more advanced 
portions, and may, therefore, be omitted at the first reading: 


We take this opportunity to express our gratitude to Prof, 
Rajanikanta De, M.A., of the Scottish Church College, Calcutta, 
who has kindly given us permission to use some of the blocks 
prepared for his well-known books on Physics. 


Calcutta } N. BASU 
June, 25, 1936 J. CHATTERJEE 


PREFACE TO THE SILVER JUBILEE EDITION 


In this Edition special attention has been given to include in its 
context the courses of studies prescribed by the different provincial 
Higher Secondary Boards as also the syllabus of the Central Modern 
Schools guided ‘by the Education Department of the Government of 
Indian Republic. I had an opportunity of going through some _ 
books recommended in various Engineering Schools and Milita 
Academies and I have attempted to include in this Book almost all 
the topies in those syllabi. 


Although teaching in provincial languages has deepened its root 
almost every where and books in different provincial languages with 
slightly different syllabi have been published catering the need of 
the students, it has one advantage that the students can more easily 
grasp the idea without having any difficulty of a foreign language. 
But the authors of books on regional languages have been content 
just to include the particular courses of studies recommended in their 
respective provinces. Asa result they have not been able to treat the 
whole subject systematically in such a small compass to the entire 
satisfaction of teachers as also to arouse the interest of the students, 
I should not be misunderstood to have blamed the authors. They- 
have been compelled to write strictly according to syllabus and 
within page limit. 

In conclusion, I may make a modest statement that in view of 
higher studies particularly in Sciences, we have still to depend upon 


(ei) 


new books and periodicals written in western languages and if we 
have to choose any ome of such languages, it is definitely English. 
With such intent and purpose I have thoroughly revised the Book; 
included some new topics as Vectors, Kinetic theory of gases, Physical 
optics and a little of nuclear Physics. I have tried to correct printing 
mistakes to the best of my ability and included a few more. solved 
examples. 


J. CHATTERJEE 


PREFACE TO THE REPRINTED SILVER JUBILEE EDITION | 


The number of Editions are the passing phases of a book which 
may speak of itself. I should feel obliged to get any suggestion and 
criticism of my venture. Hearty thanks to inmmerable Colleagues 
and students who have always partonised my efforts. I convery my 
best regards to B. Chand & Sons for their co-operation in publishing 
this book. 


Sree Panchami } J. CHATTERJEE 
February 3, 1987 
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GENERAL PHYSICS 


CHAPTER I 
UNITS AND MEASUREMENTS 


1. Knowledge got through Sense Organs—Senses of touch, 
smell, sight, taste and sound are the chief sources through 
which we gain experiences of things around us. On looking 
at an object, we get an idea of its size, shape and colour ; and 
so the eye is the agent to give some idea of the object. We can 
feel with our fingers whether an object is hard or soft, hot or 
cold, and such experiences as these we get by our sense of 
touch. Ina similar way, the use of various organs of our 
system gives us some knowledge regarding the nature and beha- 
viour of the material objects. 


In childhood our senses remain undeveloped. As we advance 
in years, senses become more and more developed giving us a 
deeper insight of things and events. Thus, with time passing on, 
the experiences gained by us are utilised in making further 
studies of material objects and their behaviour. 


2. Natural Seiences—The word Science means a know- 
ledge acquired after a careful observation and reasoning. In 
earlier days Physical Sciences comprised the study of the whole 
of natural phenomena and were therefore termed Natural 
Philosophy. It thus included subjects like Physics, Astronomy, 
Zoology, Botany, Chemistry, Geology, etc. But with time 
advancing as these subjects grew more extensive, Physical 
Sciences were subdivided and each one became a separate 
subject for study. The branch of Physics now deals with a 
detailed study of the properties of Matter and Energy and their 
interactions with each other. 


Matter is that which occupies some space and which we can 
feel by our senses. It may exist in any of the three forms,— 
solid, liquid and gaseous. Thus a piece of iron, a quantity of 
water or air is each an example of matter. Energy is that, which 
an agent or a material system must possess, in order to be able 
to do some work. Under suitable conditions work can be 
obtained from energy,—energy being the cause and work being 
the effect. When a material body moves, we can utilise its 
motion to do some work ; for example, work is done in the 
transport of luggages by a motor car. Hence, a moving car 
possesses energy. More about work and energy would be dis- 
cussed in Chapter V of General Physics of this volume. 


Pt. I/G—1. 
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Subdivisions of Physics—There are six principal forms in 
which energy becomes apparent to us; namely, elasticity 
and gravitation, heat, light, sound, magnetism and electricity. 
These are separately studied in the following six branches 
of Physics :—General Physics [including gravitation and proper 
ties of matter], Heat, Light, Sound, Magnetism and Electricity. 


3. Measurements and their ulility—Although by direct 
observation of sight, touch, etc., we may estimate some proper- 
ty of material bodies, such an estimate is rough or even some- 
times erroneous. For example everybody can say that an ave- 
rage football is bigger than a cricket ball ; but it may be difi- 
cult to say all at once which of the two is bigger,—a hockey 
ball or a cricket ball. The sun and the moon appear to be 


/ 

/ 
LLLA A 

Fig. ! Fig. 2 Fig. 3. 

nearly of same size, although we know that the former is many 
thousand times larger than the latter. A range of hills sometimes 
seems to an observer to be within half-an-hour's walk, but 
actually ít may be far beyond that. In Fig. I, two straight lines 
are to each other. Which appears longer to you ? 
Most probably the vertical line appears longer. But on measure- 
ment you will find that they are equal in length. The horizontal 
lines in Fig. 2 may not appear parallel to you ; but they arc 
ep ay lines. The quadrilateral in Fig. 3 appears to 
have the left base corner c slightly acute. P. a set square 
and sce that it is a right angle. ese illustrations suggest that 


the help of the measuring instruments, we are liable to 
make mistakes in our estimations. 


4. Units of Measurements—We acquire knowledge about 
natural laws through measurement of certain quantities. These 
quantities are r length, mass and time. In measuring any 
of these quantities, some definite and convenient quay of the 
same kind is taken as the standard, in terms of which the quan- 
tity asa whole is estimated. This is called the unit for that 

quantity. The number of times the unit is contained 

the quantity is called the numerical measure of that quantity. 
when we say that a rod is 3 feet long, we mean that a 
certain length, called the foot, has been taken as the unit of 
measurement and the number of this unit contained in the length 
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of the rod is 3, Hence the numerical measure is 3 and the unit 
of length is a foot. The mass isa measure of the quantity of 
matter in a body. 


Fundamental and Derived Units—Different units are to be 
chosen for measuring different kinds of physical quantities and 
so there would be as many kinds of units as there are t: of 
physical quantites. It has been found that the units of Length, 
Mass and Time are found to be independent of cach other and 
are, therefore, called fundamental units, The units of all other 
quantities can be expressed in terms of the fundamental units 
and hence they are called derived units, Thus a unit of area is 
the area of a square, each side of which is of unit length ; a unit 
volume is the volume of a cube, each side being of unit length. 
So the unit of area and that of volume are derived from the 
units of length. It is found that the derived units bear a 
simple relation to the fundamental units. 


Systems of Units—In all measurements, two systems of 
units are generally used, namely (1) the British or the foot- 
pound-second system ( F. P. S. system), and (2) the French 
or metric or the contimetre-gramme-second s (C. G, 
S. system). The units of length and mass on the British systei 
are respectively the foot and the pound, and on the metric 

stem are ively the centimetre and the quim 

unit of time is the second in both the systems, is 

a modified metric system, known as M. K. S. (metre-kilogram- 
second), which is now gaining popularity. 


12" (inches)=1' (foot or ft.) ; — 220 yd.-1 furlong ; 
3 feet =] yard (yd.) ; 1760 yd. 1 mile ; 
6 feet =| fathom ; 6080 ft.-1 knot, 


The standard unit of on the C. G. S. system, called 
the International Protot etre, is now conveniently defined 
as the distance between the ends of a certain rod of platinum- 
iridium at the International Bureau of Weights and 
Measures at Sev'res near Paris, at a temperature of QC. The 
usual unit of length on this system is the centimetre. 
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The following are the submultiples and multiples of a metre :— 
10 millimetres (mm.)—1 centimetre (cm.) ; 
10 centimetres (cm.)—1 decimetre (dm.) ; 
10 decimetres (dm.)—1 metre (m.) ; 
1000 metres (m.) —1 kilometre (km.). 


Relation between the units of length on the two systems :— 


1 inch —2:54 m) 1 kilometre =0°6213 mile. 
1 metre —39:37 in. 100 metres —109:36 yards. 


Units of Area and Volume are derived form the units of 
length. The unit of area on the F. P. S. system is one square foot 
and that on the C. G. S. system is one square centimetre. The 
volume of a body is the space occupied by it. The unit of 
volume on the F. P. S. system is a cubic foot (cu. ft.) and that 
onthe C. G. S. system it is one cubic centimetre (c.c.). As 
measures of capacity for liquids the units of volume on the 
two systems are respectively a gallon and a litre. A gallon 
equal to the volume of 10 Ib. (avoir.) of distilled water at 62°F, 
while one litre is equal in volume to 1000 cubic centimetres 
of pure water at 4°C. 1 gallon equals 4°54 litres. One cubic 
centimetre is sometimes called a milli-litre. 


6. Units of Mass—The standard unit of mass on the F. P. S. 
system is the Pound Avoirdupois. It is defined to be the mass of 
a certain lump of platinum marked “P.S. 1844, 1 lb.” and is 
preserved at the Office of the Board of Trade, England. 


The standard unit of mass on the C. G. S. system is the kilo- 
gramme. It is now defined to be the mass of certain cylinder of 
platinum-iridium, preserved in the Archives at International 
Bureau of Weights and Measures at Sev'res near Paris. The 
unit of mass usually adopted is gramme (or gram) which is one- 
thousandth part of the standard kilogramme. For practical 
purposes, one gram may be taken to be equal to the mass of 
one cubic centimetre of pure water at 4°C. 

Submulitples and multiples of a Pound :— 

16 drams = 1 ounce (oz.) ; 16 ounces - 1 Pound (lb.) ; 

28 pounds = 1 quarter (qr.) ; 4quarters=1 hundred weight (cwt.) ; 
20 cwt=1 Ton = 2240 lbs. 


Submultiples and multiples of a gramme :— 

1 gram (gm.) = 100 centigrams = 1000 milligrams (mg.) ; 
1 kilogram (kg.) - 1000 grams. 100 kg.=1 Quintal ; 
10 Quintals - 1 Metric Tonne. 
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Relation between the units of mass on the two systems :— 
1grain-0:0648 gram |; 1 gram= 15:432 grains ; 
lpound-453:56 grams ; 1 kilogram = 2:2047 pounds ; 

1 Metric Tonne—2204:7 lbs=0°98 Ton. 
1 Indian Tola—12 grams—185:18 grains. 


Examples : 
1. The Nanda Devi, the highest, mountain peak in Indian Republie, 
is 25,660 ft. in height. Express the altitude in miles and kilometres. 
H 


Ans. Si 1760 yds. —5: ft.—1mile. .. 1 ft.=_—_mile. 
ns. Since 1760 yds.=5280 ft. —1 mi! MUR 
25000  . 2 
5 Vias AFE 
25660 ft. 5980 miles —4:8598 miles. 


i H B in.z3- . = 1 
Again, since 39:37 in. —3:2808 ft.=1 metre, ..] ft.— 43808 motre. 


25660 
3:2808 

9. Madhya Pradesh is the largest State of India with an area of 
131,086 sq, miles. Express the figure in sq. kilometres. 

Ans. Sinco 1 inch=2°54 cm., 30 inz1 yd. =91:44 em.-0:9144 metre 
and so 1760 yd. — 1 milo=(1760 x 9144) m. =1609:3 m= 1:6093 km, 

Thus 1 sq. mile=1 mile x 1 mile=(1°6093 x 1:093) sq. km, =2'5898 sq. 
km. 


.. 25000 ft.— m.-7821:3 m. 2 7:8213 km. 


131686 sq. miles (131080 x 25898) sq. km. =341040 sq. km. 


3. The capacity of a certain flask is found to be 10 litres. What 
would be its capacity in gallons 7 


Ans. We have 454 litres=1 gallon, or 1 litre = s gallon. 
10 litres= 20 allons 2:2 gallons. 
itres = 5; 8 —2:2 gallons. 


7. Unit of Time— Time is an entity by which we differentiate 
between past, present and future. The time interval between the 
sun-rise of yesterday and that of today is called one day. The 
length of such solar days varies continuously throughout a. year 
which consists of 365} days. If the periods of the solar days 
ina year be added together and the sum be divided by the 
total number of days in a year, we obtain an interval of time, 
which is called the mean solar day. The mean solar day 
is divided into 24 hours, each hour into 60 minutes and each 
minute into 60 seconds. ‘The unit of time on both the systems 
is the mean solar second, which is thus 86,400th part of a mean 
solar day. Our clocks, watches and chronometers keep mean 
solartime. Accurate Astronomical observations have proved 
that the period of solar year is slightly changing year to year 
by a small fraction of a second. So the tropical year 1900 was 
taken as the standard year from which the mean solar second 
was derived. 
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The interval of time, that elapses between two successive 
transits of any fixed star across the meridian of a place, is found 
to bea constant and is called the sidereal day. The sidereal 
day is about four minutes shorter than the mean solar day. 


8. Measurement of Length—For practical purposes, dis- 
tances from several thousand miles to a very small fraction of 
a centimetres are to be measured accurately. A particular type 
of measuring instrument is suitable and convenient for any 
particular range of length. Only the general principle of the 
working of the instruments will be dealt with in this book. (For 
experimental details of the various apparatus, the readers are 
referred to the Intermediate Practical Physics by J. Chatterjee). 
The different appliances, generally used for the measurement 
of length, are the following : 


(i) Metre Scale—It is usually made of box-wood or steel 
with one edge generally graduated.in inches and the other in 
centimetres (Fig. 4). The graduations on the upper side are in 


Fig. 4—Metre Seale 


inches and those on the lower side are in centimetres. The inch 
scale is as shown, further subdivided into 10 equal parts so that 
the distance between any two consecutive small marks on the 
upper side is 0:1 inch. Some inch scales are subdivided into 
4 or inch. The centimetre scale also is divided into 10 equal 
parts, giving each small division in millimetre. 


In measuring the length of an object, the scale is placed 
directly alongside the object, so that one of the graduations 
coincides exactly with one end of the object and the length is 
then read off from the graduation of the scale coinciding with 
the other end. If this end does not coincide with any one divi- 
sion, the fraction of a scale division is ascertained by eye 
estimation. In measuring a length, the ends of the metre scale 
should be avoided as far as possible, since they wear out and 
bocome rounded with continued handling. 


(ii) Measuring Chain—It is used for longer distances or for 
measuring distance along curved lines. A chain consists of 
inter-connected steel rods, each one foot long, so as to make 
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a total length of 60 to 100 ft. When not in use, a chain can be 
folded and bunched [Fig. 5(ay. To measure a distance the 
starting end of the chain is fixed to a pin P [shown in a bundle 
in Fig. 5(b)] and the chain is made straight, so that it does not 


(a) (b) 


Fig. 5— Measuring Chain Fig. 6—Simple Callipers 


bend or sag anywhere along its length. The other end is fixed 
to another pin P, so that distance between these two points is 
equal to the length of the chain. In this way, the entire distance 
is measured chain after chain. It is widely used is surveying 
lands. ` 

(iii) Simple Callipers—It consists of two curved pieces of 
metal, hinged like a pair of scissors (Fig. 6). It can be used for 
measuring the internal and the external diameters of pipes, 
hollow vessels, etc., the upper pair of legs being designed for 
external diameter and the lower pair for internal diameter. 


(iv) Diagonal Seale—The accuracy of reading a fraction 
ofa millimetre or an inch is very much hampered by eye- 
estimation, since different persons might guess different fractions 
for the same length. To reduce this uncertainty, modified 
centimetre or inch scales, known as diagonal scales, may be 
used. 


Fig. 7 represents an inch diagonal scale engraved on à 
rectangular metal sheet. The usual inch graduation being from 
the zero of the bottom line to the right. The width FW of the 
scale is divided into 10 equal parts by horizontal lines. There 
is also an inch extension to the left of the zero line subdivided 
into 10 equal parts at the top and the bottom. As shown in 
the diagram, the subdivisions are connected by a series of 
parallel oblique straight lines. These straight lines are generally 
known as diagonal lines whence the name of the scale is derived, 
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Each subdivision of the extension inch evidently represents 
0:1 inch. So lengths correct to first place of decimal can be 
directly read from the scale. Moreover, the device of the diago- 
nal lines enables us to find out the length correct to the second 
decimal place of an inch. If we consider the geometry of these 
lines, we find that the junctions of a particular diagonal with the 
horizontal lines are successively displaced by one-tenth of 0:1 inch 
that is, by 0°01 inch. 
Thus with the help of 
this diagonal lines, it is 
possible to estimate 
correctly the length 
in inches up to the 
second place of deci- Fig 7—Diagonal Scale. 
mals. As an an example, leta rod MR be taken. From a preli- 
minary measurement, it is found to be a bit longer than 2". 
To find the length, its one end is made to coincide with the 
2-inch graduation of the scale and the other end is allowed to 
extend beyond the zero mark. It is actually found to extend 
even slightly beyond the third subdivision of the extension 
inch. So its actual length is a bit more than 2:3". To get 
the second place of decimals, MR is bodily slided parallel to 
the side of the scale, always keeping one end on the 2-inch 
graduation line. Now, the position of coincidence of the other 
end with a particular junction of the fourth diagonal lines is 
noted. It is actually the 8th junction from the bottom. As each 
junction corresponds to a displacement of 0°01 inch, the frac- 
tional part in the second decimal place is 8x0'01" - 0:08". So 
the total length of MR is 2:38' correct to second decimal 
place. Similarly, ST represents a length of 1:13". Thus the 
uncertainties of eye-estimation are almost eliminated. 


The Vernier—This is so named after its inventor Pierre 
Vernier, a seventeenth-century French mathematician. It 
consists of a short auxiliary scale V called the vernier scale, 
which can slide along the edge of the main scale M 
(Fig. 8) whereby lengths can 
be determined correct to some 
particular fraction of the unit 
on the main scale. The gradua- 
tions on the main and the ver- 
nier scales are so designed that 
à certain number of divisions of Fi £ 
the vernier scale say n are made ne) Sag V erior Seals. 
coincident with n— 1 or +1 number of divisions of the main 
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scale. The vernier is then capable of being read with an accu- 
racy of 1/n of the main scale division. In Fig. 8, 10 divisions of 
the vernier scale are equal to 9 divisions of the main scale. The 
smallest measurable distance with such a scale is called the 
vernier constant. The ordinary vernier scales are designed to 
measure up to one-tenth part of a millimetre. To measure 
small angles circular verniers also are constructed on the same 
principle. 


(v) Vernier Callipers—The principle of vernier scale is 
utilised in a slide callipers, also called a vernier callipers. It 
consists of a thin steel scale with a jaw fixed at one end at right 
angles to its length (Fig. 9), while the other jaw is movable 
along the scale and can be fixed to any position by a screw. 
The movable jaw carries two vernier scales, one on each side, 
sliding over the graduations on the steel bar. When the two jaws 
are brought in contact, the zero of the vernier should ordinarily 
coincide with the zero of the main scale, so that when the jaws 
are separated, the distance between them is directly read. from 

the two scales. The ob- 
ject, whose length is to 

' be measured, is placed 
between the jaws, with 
one end against the fixed 
jaw, while the movable 
jaw is brought just in 
contact with the other 
end. The reading is taken. 
in the usual way from 
the main and the vernier 
Fig. 9— Vernier Callipers scales. If the vernier zero 

stands after the mth divi- 

sion of the main scale and if the rth division of the vernier 
is found to be in line with a main scale graduation, the length 
of the object is (m-7v) in proper units, where v represets 
the vernier constant. Vernier callipers may be used to measure 
a length correct to one-tenth or one-fiftieth part of a millimetre, 


ml 
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(vi) Micrometer Screw Gauge—It is used for measuring accu- 
rately very short lengths. It consists of a U-shaped body F of 


A B Seb H 


== Tanti] 


F 
Fig. 10—Screw Gauge Fig. 11—Sphorometer 


solid metal, one arm of which carries a fixed abutment A 
(Fig. 10) with a carefully planed surface. To the other arm is 
attached a hollow cylinder having a straight scale Sin milli- 
metres etched on it, which is known as the pitch scale. Inside 
the hollow cylinder moves an accurate screw, the pitch of which 
is usually 0'5 mm. The head H of the screw carries a cap 
whereby the cylinder is rotated. The bevelled edge C of the 
cylinder is provided with a circular scale with 50 or 100 equal 
divisions engraved round it. The shortest distance measurable 
with a screw gauge, known as /east count of the micrometer, is 
usually ‘001 cm. 


To make any measurement (say, to find the diameter of a 
wire), place the wire within the space AB and move the cylinder 
so that the opposite ends of the section of the wire (represented 
by the circular section) are just touched. Now take the reading 
of the straight scale; call itm. Also take the reading of the 
circular head against the straight scale; callitr. Thus, if v be 
the least count of the micrometer, the diameter of the wire is 
m+ ry in proper units. 


(vii) Spherometer—This instrument also works on the 
principle of a micrometer screw. It is generally used for measur- 
ing the thickness of a plate and for determining the radius of 
curvature of a spherical surface. It consists of metal framework, 
supported on three fixed legs (Fig. 11) of equal length. Through 
the centre ofthe frame a fine screw works which terminates at 
thetop ina milled head M with a large graduated circular disc 
C. The lower end T of this screw forms the central leg of the 
instrument. A small vertical scale S is fixed at one end of the 
frame with its graduations close to those on the disc. This 
scale is usually graduated in half-millimetres, while the edge of 
the circular disc is divided into a large number of equal divisions, 
the number being usually either 50 or 100. 
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To start an experiment with the spherometer, the pitch of 
the screw carrying the circular scale is first determined, whence 
the least count of the instrument is found. It is then placed 
upon the glass plate known as the base plate and the usual 
reading is then taken. The plate, whose thickness is to be 
measured, is placed on the base plate and the central screw is 
made to touch the upper surface of the plate. Another reading 
is then taken. The difference of the two readings gives the 
thickness of the plate. Spherometers of high precision may be 
used to measure a thickness accurately up to a thousandth part 
of millimetre. 


Measurement of Radius of Curvature—The instrument may 
also be used to measure the radius of curvature of a spherical 
surface. The following is the procedure : The spherometer is 
placed on a plane sheet of glass and the milled head is turned, 
so that the central screw just touches the surface. Now the 
reading of the spherometer is taken. Let the reading be e. The 
central screw is then raised up, if necessary, and the spherometer 
is placed on the spherical surface such that the fixed legs rest 
on this surface. The screw is then turned down slowly so as to 
touch the spherical surface. Let the reading of the sphero- 
meter at this position be b. Then the difference of readings of 
the spherometer at these two positions is b~e=h, say. 


Next the central screw is raised up and the spherometer is 
placed on a piece of white paper and is slightly pressed. Three 
dots corresponding to fixed legs are imprinted on the paper. 
The distance between the dots are measured with a pair of 
dividers and the metre scale or more accurately with vernier 
microscope. The mean value of such distances is found, Let 
itbec. Then the radius of curvature R of the spherical surface 
is given by the expression : 


Proof—Imagine a plane to pass through the tips A, B and C 
of the spherometer legs when placed on the spherical surface. 
This plane cuts the spherical surface in a circular section ABPC 
having O as its centre (Fig. 12). The point O may be obtained 
by producing the direction of the central screw so as to cut 
the circular section. Since the fixed legs are equidistant, A ABC 
is equilateral and Z BAC=60". Again arc ABP—arc ACP, being 
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each a semicircle and arc AB—arc AC, standing on equal 
chords. Therefore arc PC—arc PB and / PAC= Z PAB=30°. 

" E Now from the rt.- 


LM Zed. AACP, AC=AP 
aL i dos 30°=2A0 cos 30°. If 


y^ MON X  AO=a, 
Š : B : LAC |. AC 
hi | \ ; 4—2 cos 30° V3 
LING Ro C (S z iia 
py BE » ir ae ASS) 
LI G 3 d 
Fig. 12 Fig. 13 Imagine another verti- 


cal circle to pass through 
the points A which is one leg-tip of the spherometer, and E 
which is the point of the central screw on the spherical surface. 
The part of the circle, will pass through the point P and the 
part of this circle lying beyond the actual spherical surface, is 
shown by the dotted line (Fig. 13). The radius of this circle 
is evidently the radius of curvature of the spherical surface. The 
screw of the spherometer moves along EO. The length EO 
represents the depth of the plane ABC below the point E and 
is thus the difference of readings of the spherometer on a plate 
glass and the spherical surface, which is ^. The line EO being 
produced passes through the centre S of the circle PEAG. Now 
since the diameter EG and the chord AP intersect at right 
angles, elementary geometry leads to, 


EO x OG—AO x OP, or, EOx (EG —OE)—AO x OP 


c? 29 9 
“+ HORA) a*— 5, whence R=5; + "m ZL A 


Thus by measuring Aand c or a, the radius of curvature R 
may be experimentally determined. 


Example: 


Tho fixed legs of a spheromoter are at the corners of an equilateral 
triangle of 4 em. side. When adjusted on the surface of a spherical mir- 
ror, the instrument reads 1-500 mm. Find the radius of curvature of the 
mirror taking zero error of the instrument to be zero. Prove the formula 
you use, * [U. P. B.—1951] 


Ans, Tho distance ¢ between the fixed legs=4 em. Tho height or 
depth h of the spherical surface above or below the level of the fixed legs 
as obtained with the central screw head=1-5 mm.=0:15 em. Hence by 
the expression for ne radius of SN 


Eus ENAA ra 


antan Nex 3x8 -3. 3 = m mi Oso quu 
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. 9. Measurement of Area—The measurement of an area 
involves two linear measurements. 


Area of Regular Geometric Surfaces—Areas of regular sur- 
faces can be obtained from the following relations : 
Area of a Rectangle «length x breadth ; 
» » Square = (length)* 
» » Triangle = x basexaltitude ; 
» » Trapezium — x (sum of parallel sides) x altitude 
», »  Parallelogram--one side as base x altitude, i.e., 
perpendicular distance between 
that side and the opposite one ; 
V arcte -nx (radius)? ; 
, „an Ellipse —-—xsemi-major axis xsemi-minor axis; 
+>») a Sphere =4a X (radius)? ; 
» » Cylinder ©» =x diameter xlength. 


Suppose that you are required to measure the surface area of 
a rectangular metal sheet. First measure the length of the sheet 
a number of times by any suitable apparatus and find the mean 
length, Let it be xcm. Then measure the breadth of the sheet 
ina similar way. Let the mean breadth be y cm. Then the area 
of the sheet is xxy sq. cm. If, however, you are supplied with 
a circular sheet, measure the diameter of the circle at several 
regions and find the mean diameter. Half of the mean diameter 
is the mean radius ( say, r cm.). Then the area of the circular 
sheet is 3°14xr® sq. cm. (as 15314). 


Area of Irregular Surfaces—The area of an irregular sur- 
face may be obtained by dividing the surface into suitable areas 
in the form of triangles, rectangles or circles and then by adding 
up the calculated areas of the parts. 


By Squared Paper—The area of a small irregular surface may 
be determined by placing it on a piece of squared paper, tracing 
the outline and counting the number of small squares included 
within its boundary. If half or more than half of a square lies 
inside the surface, it is taken as one whole and if more than 
half lies outside, that one is neglected. The area of each square 
being known that of the required surface is readily obtained. 


An irregular figure has been traced out on a graph paper 
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(Fig. 14). To find its area, it is divided into as many rectangular 
figures as possible, e.g., EARTH Cee . 
PQRS and ABDC. The 
remaining irregular regi- 
ons, such as APR, SBQ, 
BXD, DYC and CZA toge- w- 
ther with the two rectan- 7 
gular parts make up the 
area of irregular figure. 
Now the area PQSR=55 H 
squares. Similarly, area 
ABDC=224 small squares ; 
part APR=12, QSB=6, 
BXD=25, CYD=31, CZA 5 
=17. Hence, the total 
area is the algebraic sum 
of the number of squares, 
ie. 370. If the area of Fig. 14—Measurement of Area 
each small square be one sq. mm., the total area of the given 
figure is very nearly 370 sq. mm. 

The area of any extended surface, e.g., that of a country, 
can be determined on this principle by drawing to a scale a map 
of its boundary on a piece of squared paper. The usual method 
of measuring the area of large tracts of land is by Trigonometri- 
cal survey (vide J. Chatterjee's Intermediate Practical Physics). 

10. Measurement of Volume—The volume of a solid of any 
form can be deter- 
mined by the 
following appara- 
tus : 


The volume of 
a liquid can be 
measured with a 
graduated cylinder 
or flask. Fig. 15 
(a) and (b) repre- 
sent two types of 
cylinders graduated 
in cubic centi- 
metres. Fig. 16 is 
aflask, the capa- 
city of which is 
marked on its body. 
The liquid is poured 
into the cylinder 


and the upper sur- teme) 
face of the liquid QE. x0 Y ‘ 
is read. This gives Fig. 15 Fig.16 Fig.17 


the volume of the liquid in units marked on the vessel. Fig. 17 
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shows a burrette and is used when small volume of liquid is 
transferred from it. 


Volume of Irregular Solid—The volume of a small piece of 
solid, irregular or regular, can be determined as noted below,— 


By Displacement of Liquid—A liquid, which does not 
corrode or dissolve the solid, is taken in à graduated cylinder 
(Fig. 18) and the position on the liquid level is carefully noted. 
Suppose that the original level is at A. The solid is then com- 
pletely immersed in the liquid when the level of the liquid is 
found to rise. The position of meniscus is noted again. Suppose 
that the new level is at B. The difference of the two readings 
gives the volume of the solid. 


By Weighing—The volume of a solid can be determined 
by a method based on the principle of Archimedes. (Vide 
Chap. IX) : 


Volnme of a Parallelopiped =length x breadth x height ; 
TES Cube — (length)? 
Wit IER Cylinder — (area of one end) x length ; 
nih Sphere =a x (radius)? ; 
whet Pyramid or Cone-j x (area of base) x (vertical 
length). 


11. Measure- 
ment of Mass 
—The mass 
of à body can 
be determined 
by weighing in 
à balance. 
Everybody has 
seen a grocer's 
balance and 
knows how he 
j| uses it in weigh- 
Ming a  subs- 
P tance. It con- 
Fig. 18 Fig. 19 — Physical Balance sists of a strai- 
ght uniform rod called the beam, from the ends of which two 
identical pans are suspended. The beam is pivoted at its middle 
point, so that with empty pans, the beam remains horizontal 
when suspended. The substance to be weighed is placed on one 
pan and standard weights are placed on trial on the other pan 
till the beam becomes horizontal. Then the total mass of the 
weights is equal to the mass of the substance. Such a balance 
is not, however, sensitive to very light objects. 
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Common Balance—The common balance is a contrivance 
for comparing the masses of different bodies. The masses, which 
are used as standards of reference, are called ‘weights’. The 
essential parts of a common balance are (Fig. 19): 


(1) The beam B—It is a horizontal metal rod, which is 
capable of turning freely about a sharp steel or agate knife-edge 
F at the middle and is called the fulcrum. To minimise friction 
the sharp end of the knife-edge rests on a small plate of steel 
or agate, At the ends of the beam two similar agate knife-edges 
are attached with their sharp edges pointing upwards. 

(2) The stirrups or pan supporters TT—These rest on the 
terminal knife-edges. In the better type of balances, these are 
provided with agate pieces attached to the lower side of the 
stirrups. Each stirrup carries a hook from which the pan is 
suspended. The distance from the fulcrum to the centre of 
gravity of the stirrup is called the arm of the balance. The 
arms are equal in length. 

(3) The scale pans SS, on which standard ‘weights’ and 
bodies to be weighed, are placed. 

(4) The pillar D supports the beam when at rest— 


The pillar is a vertical rod which can be raised or lowered 
by a key K at the base, whenever required. The pillar has an 
agate plate at the top upon which the central knife-edge of the 
beam rests. 


(5) The pointer P—This is rigidly fixed vertically to the 
middle part of the beam. When the beam swings, its lower end 
moves freely over a graduated scale G attached to the bottom 
of the pillar. But when the beam is horizontal, the pointer 
nah vertical and its lower end points the zero mark of the 
scale. 

(6) The arresting arrangement AA—When the balance 
is not in use, the pillar supporting the beam is lowered, so that 
the beam rests on another support and the under-surfaces of 
the pans just touch the base board. Thus the knife-edge at the 
centre of the beam does not always rest on the agate plate and 
so its sharpness is preserved. 


At each end of the beam there is a nut working in a screw. 
By displacing the position of the nut the effective weight on 
each side can be altered through a small range. The base of 
the instrument is provided with levelling screws, whereby the 
pillar is made vertical. The plumb line L indicates the correct 
adjustment. Weight Boxes with standard weights are supplied 
for weighing. A delicate balance for finer weighing has various 
other parts and is always kept within a glass case to prevent 
blast „of air causing disturbances during an operation of 
weighing. 
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After a preliminary checking of the balance the beam is 
placed on its support by the key. The body, whose mass is to 
be found, is placed on the left pan and some ‘weight’ from the 
balance box is taken up by the forceps and placed on the right 
pan to counterpoise the body. The beam is raised up and the 
inclination of the pointer is observed. If the ‘weight’ appears to 
be too heavy, the beam is lowered and a smaller *weight" is 
replaced. Again the beam is raised up and inclination of the 
pointer is marked. By repeated trials, certain ‘weights’ are 
placed on the pan, when on raising the balance beam, the 
pointer oscillate equally about the zero position of the scale or 
it rests vertically downwards. The mass of the ‘weights’ placed 
on the pan is then equal to the mass of the body. [For further 
details regarding a balance and weighing, vide Chap. IV]. 


12. Measurement of Time—The carliest method of reckoning 
the hours of the day was done by means of the sun-dial. Water- 
¢locks and sand-glasses were in use long ago. As such time mea- 
surers are out of date, these are only of historical importance, 


In 1583 Galileo discovered that the time of oscillation of a 
pendulum of a*given length is always constant (Chap. IV) and in 
1656, Huygens first used the pendulum to regulate the motion 
of clocks. The measurement of time is now generally done by 
watches and clocks. The first use of the coiled hair-spring in 
watches is credited to Robert Hooke in 1660. A “chronometer 
is a watch specially constructed so as to keep time with perfect 
regularity. A stop-clock is a type of watch which can measure 
seconds accurately and which can be 
started or stopped whenever desired. A 
stop-watch, constructed on the same prin- 
ciple, isa better precision instrument 
(Fig. 20) capable of measuring one-fifth 
or one-tenth part of a second. The metro- 
nome is a mechanism, run by clock-work 
and is used to mark time at regular inter- 
vals. (Vide J. Chatterjee’s Intermediate 
Practical Physics.) 


A reed or thin metal strip can vibrate 
a large number of times per “second and 
the period of a single vibration is quite 
uniform. The vibration of a reed can be 
utilised to measure an interval as small 
as one-hundredth or one-thousandth part 
of a second. In recent times scien- 
tists have found that even one-thousandth part of a sccond is 
quite a large interval in comparison to the quickness of action 
ofa few electrical apparatus such as a radio, radar, etc. To 


Pt. I/G—2 


Fig. 20 -Stop-watch 
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. innér scale which starts from the right. In the particular figure 
the Z AOC is 45°. 

Where greater accuracy is needed to measure an angle, an 
angular vernier is used in conjunction. with a degree scale 
(Fig. 23). The apparatus consists of a degree scale OO with 
its centre at B. Just along the side of this scale, another 

¿auxiliary vernier scale A slides about the common centre. 

: This vernier scale is graduated in such a way that a certain 

‘number n divisions of this scale are equal to (n- 1) divisions of 

-the main scale. In such a case the vernier is capable of mea- 
suring 1/n part of the main scale. If the main scale is graduated 

(in degrees, then this angular yernier can read up to ljn of a 
degree. A sensitive angular Vernier may be as accurate as to 
read 1/360th part of a degree. (For details, vide J. Chatterjee's 
Intermediate Practical Physics.) 


15. Dimensions of Physical Quantities—It has been stated 
(Art. 4), that there are three fundamental units, apparently 
independent of each other. These are unit of length, unit of 
mass and unit of time, commonly abbreviated by letters L, M 
and T. Other derived units bear some relations to the funda- 
mental units. Such relations are called the dimensions of those 
derived units. Since all physical quantities are expressed in 
terms of derived units, they also have certain dimensions. 


When we say that a rod is 3 feet long, we refer to the 
dimension of length L and express it in F.P.S. system as. a 
length of 3L (F.P.S.) Again, if we say that a body has :mass 
of 15 grams, we refer to the dimension of mass M which. is 
equivalent to 15 M (C.G.S.). Similarly, 20 T means 20 seconds 
on both the systems. 


The unit of area in any system is obtained by the product of 
length and breadth. Since both length and breadth have the 
‘dimensions of length, area must have a dimension of LxL 
or L?. Similarly a volume has a dimension of L?. Thus, 
35L? (C. G. S.) means 35 cubic centimetres. An angle in cir- 
cular measure is expressed by the ratio of an arc length and 
radius. Both being in units of length, one radian has the 
dimension of L—L or L^. Thus an angle has no dimension. 
As in subsequent Chapters, we would come across various 
derived units, we should establish various relations which L, M 
and T bear with such units. It is to be noted that in an equa- 
tion between two quantities, the dimensions of the various terms 
in the equation must be the same. This serves two purposes : 
(i) it indicates whether an equation is properly stated or not, 
and (ii) it furnishes a means of finding the dimension of a physi- 
cal quantity whose relation to the fundamental quantity is not 
clearly known. 
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[Students are required to remember the following conversion 
factors so as to work out problems dealing with reduction of 
units.] Ys. 


British into Metric Conversion Factors 


Metric British Metric 


British 


1 inch 22:538 cm. 1 eu. ft. —28:3153 litres 
1 yard ='9144 metre 1 gallon —4:040 litres 
1 mile —1:6093 km. 1 pound (av.) ^ —453:56 gm. 

1 sq. in. 767451 sq. em. 1 grain =0648 gm. 

1 sq. yd. —83:01 x 1075 Heotaro 1 ton =1016 kgm. 
lou.in. ` — 10:386 c. c. 1 Metric Tonne =1000 kgm. 


ee 
Examples: 
1. Taking the shape of the Earth to be exactly round and its diametor 
to be 7900 milos, find the surface area of the Earth. Find also its volume. 


Ans. Tho surface area of a sphore--4zr?. Now 7— 1900/2 miles =3950 
miles, 

.. Surface area of Earth=4 x 3 1415 x 3950* sq. miles= 196061015 sq. 
miles. Also tho volume of Earth-$jzr*—4x9:1415x 39503 cubic. miles 
=258147003057 cubic miles. : 

2. Find tho angle subtended by an are of length lem, at.the centre 
of a circle radius of 10 ft. Express your result in radian and in degrees 
of an are. 

Ans. We know 1 foot=30:479 em. .*. 10 ft.—30479 em. 

Y 


ike angle= 35179 radian = 0033 radian 
Sinco $14 radian=180°, 1 radian= a 
Thus the. required angle='0033 radian = 180X 08 dcgroo 0-19 degroo. 


Exercises on CHAPTER I 


Reference 
l. Name the system of units commonly used for the Art. 4 
measurement of physical quantities. Which of them is more 
convenient and why ? Explain with examples what you mean 
by fundamental units, derived units and practical units. 
2. Dofine mass, volume and density; state the relation Arts. 
that exists between them. (C. U.—1940 ; Dac. U.—1949) 5&6 


Ace. moc 18423 
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3. What do you mean by an apparent solar day and mean Art. 7 
solar day ? 


4. Give the principle of a vernier and explain its working. Art. 8 
Each division of a main scale is 0:5 mm. 9 divisions of tho 
main scale are equal to 10 divisions of the vernier. Length 
ofa cylinder is measured. Tho readings are: 78 divisions 
of the main scale; and the 6th division of tho vernier coincides 
with a division of the main seale. Calculate the length of the 


cylinder. (Del. H. 8.—1953) 
Ans. 3:93 em. 
5. Derive the formula, Rae + A tor a spherometer. pace 


The legs of a spherometer occupy the corners of an equi- 
lateral triangle of side 4 em. When placed on a plane surface, 
the reading is 4 mm. and on a concave surface, it is 2 mm. 
Calculate the radius of curvature of tho surface. 

(Anna. U.—1948, '53) 

Ans. 13:4 em. 


6. Describe a spherometer and explain carefully its uso Art. 8 
for measuring tho radius of curvature of a spherical surface. 
(U. P. B.—1948, '53) 
7. How will you find the volume ofa solid of irregular Art. 10 
shape. (C. U.—1947, 49 ; Dac. U.—1942) 


8. What is meant by the dimension ofa physical quantity ? Art. 15 
What is its utility ? What are the dimensions of density and 
velocity ? 


CHAPTER II 
MOTION 


16. Position and Reference Co-ordinates—In our everyday 
life we get an idea of the position of any object by its direction 
and distance from some other object of reference. For this 
purpose, we choose some unit of distance and the four standard 
directions east, west, north and south. The object of reference 
may be anything apparently fixed. When we say that the 
school building B is situated at a distance of half-a-mile to the 
north-east of the Post-Office O, (Fig. 24), the Post-Office stands 
for the object of reference, north-east gives the direction and 
a half-a-mile is the distance. Thus, we specify the position B 


ART, 17 MOTION 28 


of the school building by its distance OB, which is half-a-mile 
in this case, and also by the north-easterly direction, with 


Fig. 24— Cardinal Directions Fig. 25— Rectangular Co-ordinatos 
reference to the Post-Office. If we know the distance OB and 
the north-easterly direction, we can easily determine the posi- 
tion of the school building. The position of an object is, there- 
fore, determined by its distance along a definite direction at 
any time from some apparently fixed point in space. 


The position of a point on a graph paper is determined 
exactly in a similar manner. Two straight lines are taken at 
right angles on the graph paper, which we call reference lines 
XOX' and YOY' like the standard directions (Fig. 25). The 
intersection of the two lines is the origin O of the co-ordinates. 
To find the co-ordinates of any point P on the graph paper, 
the distances of this point from thetwo lines are measured in 
terms of the units chosen along the abscissa OX and the 
ordinate OY. These co-ordinates, which are x and y say, 
determine the distance of the point from the reference origin O. 
On measuring x and y, the actual distance OP of the point 


from the origin is known, which is Vx*+y" ; further we can 
also measure the angle POX or POY and determine in which 
direction the point P lies with respect to the axes. 


17. Rest and Motion—A body is said to be at rest, when it 
does not change its position with respect to some point fixed in 
space. It is said to be in motion when it changes its position 
with time with respect to a point. So, motion is a change of 
position with time with respect to some reference point. Ab- 
‘solute rest is the complete absence of motion. We never get a 
body at absolute rest, since the earth and all other planets are 
continually revolving about their respective axes and also since 
each moves round the sun in its own orbit, while the sun itself 
with all the planets is moving through space among the stars, 
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The stars are found to move away with respect to one another. 
Absolute motion of a body is its motion with respect to a point 
absolutely fixed in space. But as no such fixed point is known 
to us, absolute motion is something beyond our idea. 


A body may then be in a state of relative rest or relative 
motion. A body is said to be at rest relative to another body, 
when it does not change its position with respect to that body ; 
and it is said to be in relative motion with respect to a certain 
object, when it changes its position with respect to that object. 
Thus a man, seated on the bench of a running train, is at rest 
relative to the bench or the window of the train, although he is 
in relative motion with respect to a mile-post near the rail-road. 
Again, if two persons are cycling side by side at the same rate 
and in the same direction, they appear to be at rest with respect 
to each other, although each is in motion with respect to a man 
standing near by. We usually refer the motion of all terrestrial 
bodies with respect to any point fixed on the earth. 


Nature of Motion—The motion of a body may be either 
translatory or rotatory or both. Translatory: motion may 
again be subdivided into rectilinear and curvilinear motions. 


A body is said to possess a translatory motion when a line 
joining any two points on the body remains always parallel for 
all positions of the body. Fig. 26 represents a body moving 
in à direction shown by the 
arrow head. Any two points, 


say a and c, are taken on the Auris ie "er es EE 
body at its initial position. In 9 4e4--------- i 

the displaced position the cor- 22.24 
responding points are x and z. 

If the straight line joining the Fig. 26—Rectilinoar Motion 


points a and c is parallel to the straight line joining x and z in 
the displaced position of the body and if the path of motion of 
any one point of the body be straight, the type of motion is 
called a rectilinear motion. A stone falling down from a height 
or a train running on a straight track is an example of recti- 
linear motion. 


When the motion of the body takes place along a curved 
path in such a way that any.line drawn on the body remains 
always parallel to its original direction, it is called a curvilinear 
motion. In Fig. 27,a body is moving in the direction of the 
arrow-head. The path from E to F is rectilinear ; but the path 
FGHI is on a curve. The vertical line MP remains always 
vertical irrespective of its position along the direction of motion. 
Expect for a little swing, the motion. of the armchairs of -the 


h 
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vertical merry-go-round in fun fairs is an example of a curvi- 
linear motion. 
T) 


~~ 
"us 
ph Bese 
T. ope A 
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Fig. 27—Curvilinear Motion Fig. 28—Rotatory Motion 


A body is said to have a rotatory motion, when any. straight 
line taken on it moves about a fixed point or axis. Fig. 28 
represents a solid wheel rotating about its axis AA. If we 
consider a point B on the wheel at any instant, it will be found 
to occupy a position C at a later instant. By joining the succes- 
sive positions of the point in between B and C, we get an ‘are 
of a circle subtending an angle BOC at the centre of rotation. 
The same angle is subtended at the centre by an arc made by 
any point on the radial line OB in the same interval of time. 
Therefore, in a rotatory motion, a line joining any two points 
on the body in the displaced state would make an angle to the 
original line in the initial state of the body. 


The motion of a body may often be complex in nature, 
being a combination of a rotation and translation ; thus the 
motion of a cart wheel or a ball rolling on the ground or a 
planet round the sun comprises both kind of motion. 


18. Terms relating to Motion—The displacement of a 
moving particle is its change of position in a given direction 
and so it is the distance between its initial and final positions 
irrespective of its intermediate positions. The displacement of 
the point P from the origin O (Fig. 25) is the distance OP. 
Displacement has thus a direction as well as a magnitude. Any 
physical quantity, which possesses both magnitude and direction, 
is called a vector quantity (Ref. Art. 21). So displacement eta 
vector quantity. 

The speed of a body is the rate of change of its position 
andis measured by the distance passed over by the body in 
unit time. The speed does not refer to any direction. Any 
physical quantity, which has magnitude only but no direction, is 
called a sealar quantity. So speed is a scalar quantity. 

The velocity of a moving body is its rate of change of dis- 
placement with time. Since velocity has got some direction and 
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magnitude, it may be represented by a straight line. Evidently 
speed in a definite direction is velocity. The velocity of a 
moving body at any instant is measured by the distance traversed 
during a small interval containing that instant divided by that 
interval, . Velocity may be uniform or variable. 

In tho language of Differential Calculus, if z be the displacement of a 
body at a time t, and if z--dz be the displacement ofthe same body ata 


subsequent time ¢+-dt, whero-dz and dt are infinitesimally small quantities, 
then the velocity of the body, at æ distance x and at instant £ is given by 


eidz—w dx 


t+dt—t dt 


Uniform Velocity—The velocity of moving body is said to 
be uniform, when it moves ina definite direction over equal 
distances in.equal intervals of times, however small these 
intervals may be. When uniform, the velocity is measured 
by the distance traversed in a unit of time*. 


Figure 29 illustrates a uniform velocity of a body ; a, b, c, 
and d represent its various positions at intervals of one 
minute. Its rate of displacement is found to be 120 ft. in 
every minute. Therefore, its velocity is 2 ft. per second. 
Thus if a body, moving with a uniform velocity v, passes 
over s ft. in t seconds, then v—s[t ft. per sec. 


When a body does not move through equal distances in 
equal intervals of time, it possesses a variable velocity. In 
this case velocity may be measured at any given instant or an 
average velocity may be found during a given interval. The 


4— À i min ee 1 min 1 min —* a FUN 
a b e d velocity of a 


4—————$—————4—————4 moving body du- 
ring a given in- 
4—— 120 Ft o—À «— 120 Ft ——59«—— 190 ^! —» — tervalismeasured 
Fig. 29—Uniform Velocity by the total dis- 

tance passed over by the body divided by that interval. 

E If v be some measurablo distance traversed by the b. i 

ae t, the average or mean velocity during the ta T Eher ym 
The distance may be expressed in any unit of length, such 
as miles, yards, feet, metres, centimetres, etc., and the corres- 
ponding time may also be expressed in any unit such as hours, 
minutes, seconds, etc. For example, if a body covers / miles 
in h hours, we may denote its average velocity as //h miles 


*When velocity is uniform, dx/dt is constant which means that wher- 
S inits path or whenever thisratio is measured, the value does not 
change. 
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since the unit of length is accepted as a foot or a centi- 
metre and the unit of time is a second, it is customary 
to express the velocity in feet per second or in centimetres 
persecond. Thus a velocity of 30 miles an hour is equivalent 
to a velocity of 44 ft. per second. 


The unit of velocity may be defined as the velocity of a 
moving body which traverses unit length in a given direction in 
unit time. Hence, in the F.P.S. system, the unit of velocity 
may be taken as one foot per second and in the C.G.S. system, 
it is one centimetre per second sometimes abbreviated as 
cm. sec^*. 


Acceleration—The acceleration of a body is the rate of 
change of its velocity, i.e., the change of velocity per unit time. 
As a velocity has both magnitude and direction, the change 
may take place either in both or in one only. In the simplest 
case, the magnitude of velocity may change, the direction 
remaining the same. Acceleration has thus a direction as 
well as magnitude. It can, therefore, be represented by a 
straight line with an arrow-head and it is a vector quantity. 


yards per minute, etc. But 


For example, let a body, with a continuously increasing 
velocity, possess a velocity of T:5 ft. per second at the position 
a (Fig. 30). After one second let it move to b and let its 
velocity at that position be 125 ft./sec. After the lapse of 
one second, let its velocity be 17.5 ft./sec. atc. In this 


a 4 c d " manner after 
p — 9— ——$9— — — 9— 9— —— — 9» 
[second  Lsecond Lsecond, 1 second, eg a E 


Fig. 30—Avcceleration showing Time—Velocity relation. when it is at 


d and e let the velocities be 2275 ft./sec. and 27'5 ft./sec. respecti- 
vely. So the velocity of this body js increasing at the rate of 
5 ft. per second. Thus we can say that the acceleration of the 
body is its rate of change of 5 ft./sec of its initial velocity of 75 
ft./sec. Since the term per second occurs twice in stating the 
quality of an acceleration, the acceleration of this body is stated 
as 5ft. per second per second or 5 ft.[sec?. 


We can also look to an acceleration of a body from its 
displacements after successive equal intervals of time. Let the 
body pass over a distance of 10 ft. in one second from a to b 
(Fig. 31). Then its average velocity during the first interval 
of 10 ft. per sec. If again it passes over a distance of 15 ft. 
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during the second interval, its average velocity is 15 ft. per sec. 
a b c d e during the next 
4 ——$9—5—46——— —4$— —————6 second. Thus 
+ 10ft--— 19ft—*7— 20 ft —À——— 25ft —* — the average velo- 
city has been 
increased by 5ft. 
per second. If 
this increase of velocity is maintained constant, it would pass 
over distances of 20 ft. in the third second, 25 ft. in the fourth 
second and so on. Thus the rate of change is 5 ft. per second 
of an average initial velocity of 10 ft. per second. So its 
acceleration is 5ft. per sec.? or 5ft/sec.?. Here if the accele- 
ration is uniform, it can be proved that at the position ‘a’ the 
body possesses an initial velocity of 7:5 ft. per second and at 
*b' of 12:5 ft. per second, so that the average velocity, between 
‘a’ and ‘b’ is 10 ft./sec. 

Thus we find that for a body moving with a uniform accele- 
ration, the velocities at the ends of successive seconds increase 
by a fixed amount. In general, if 4 and v are the velocities at 
the beginning and at the end of an interval t, the acceleration f 
is given by, 


Fig. 31— Accelerated Motion showing 
Time-— Displacement Relation. 


ES +++ (18, 1) 
If however, the rate of increase or decrease of velocity chan- 
ges with time, the acceleration is.said to be variable. The accele- 
ration may also be expressed in any unit depending upon. the 
units of velocity and time. A body is said to have a unit accele- 
ration, when its velocity changes by unity in unit time. In the 
F.P.S. system, the unit of acceleration is one foot per sec. per 
sec. usually abbreviated as ft./sec.*, and in C.G.S. system, it is 
one cm. per sec. per sec. sometimes abbreviated as cm./sec.* 


Ti tho language of Differential Calculus if v.be the velocity of a body 
at an instant ¢ and if v+dv bo its velocity at the subsequent instant tpit, 
then the acceleration of the body at the instant ¢ is givon by the differen- 
tial coefficient 

v-cRdv—v dv 
t+dt—t — db 
Retardation—When the velocity of a moving body decreases 
continuously the motion is said to be retarded. Mathematically 
speaking, retardation is considered as a negative acceleration 
and is expressed by putting a negative sign before the change 
in velocity taking place per unit of time. 


19. Measurement of Velocity—In order to measure the 
average volocity of a body, weareto determine how far the 
body travels in a known interval of time. Suppose: that we. are: 
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to measure the speed of a railway train in which we are travel- 
ling and we are provided with a watch capable of measuring 
seconds. When our compartment just passes by a mile post we 

¿record the time in our watch and wait till the compartment 
passes by the next mile post. The difference of the two readings 
in the watch measures the interval required for the train to. pass 
over a distance of one mile. . The distance divided by time gives 
the mean speed of the train over a distance of one mile. 


Measurement of Acceleration—It is now ‘evident that 
when a body moves with an accelerated or retarded speed, the 
distances passed over by the body in successive intervals of time 
either increase or decrease continuously. Hence, to measure an 
acceleration, the distances passed over by the body at equal inter- 
vals are to be measured. Take the case of a railway train when 
it starts off from a station. The positions of the train are mar- 
ked at intervals of, say, half a minute. - It will be found that the 
distance moved through during the first interval is less than that 
during the second interval. The average velocities during the 
two successive intervals are measured. The difference of these 
two velocities gives the increase of velocity during half a minute. 
Hence the acceleration is determined. 


20. Equation of Motion—In the case of a body moving on a 
straight line, the relations between the displacement, time, velo- 
city and acceleration can be represented by some simple equa- 
tions. These equations were first worked out by Galileo. 


(i) Motion with Uniform Velocity—If the motion is uniform, 
which means that the body possesses no acceleration, and if the 
body passes over u units of length in every unit of time, the 
total space s described in an interval ¢ is given by* 


s=ut. tee (20, 1) 


(ii) Motion with Uniform Acceleration—Let the initial 
velocity of the body be u. As it is subjected to a uniform 
acceleration f, the velocity of the body is increased in each unit 
of time by f and the total inerease in velocity in time t ‘will be 


* Following the present notation and according to Art. 18. 
di velocity =u, a constant. 


ds=udt. Now on integrating both sides, we have f ds— uat 
or, s=ut+a, a being a constant...(i) 
Tf now time is measured when there is no displacement, £0 when 820. 
Then on substituting in (i) we have, 
0=0+a, whence a=0. Thus eqn., (1) transforms into s=ut. 
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fxt. Hence, the final velocity v acquired by the body after 
an interval t is given by** 

v=u-+ft, whence ftt see (20,2) 


*. aeceleration—inerease in velocity+time. 


If the body possesses a negative acceleration, f would be 
negative and the expression would become 

v=u- ft. s. (202A) 

(iii) To find the space described with a uniform acceler ation— 


Velocity at the end of the first second—u-rf. 
1 second earlier than the last second, 
ie., at (t — 1)th second=v — f. 
-. average velocity in each of these two seconds 


ut A+e—f)_uty 
2 TFA 


» 


Velocity after 2 seconds from the beginning=u-+2f. 
Velocity at 2 seconds earlier than the last second— v — 2f. 
-. average velocity during each of these two seconds 
KUHIO AN wt» 
2 sg 


. Thus, taking intervals in pairs equidistant from the begin- 
ning and the end, the average velocity in each second is found 
to be half of the sum of u and v. As the acceleration is uniform, 


** In caso of uniform acceleration (A) 


d," Constant =f, say, and velocity 


da, dfds 
vep 9 that AG = EO] 


By transposition, (2) =fdt and by integration 
Ja (Z) -Sa or defit. 


where ae represents tho velocity for any value of ¢ during tho interval. 


dt 
If u bo tho initial velocity, u reprosonts the velocity when t=0. Substi- 
tuting in eqn. (ii) woe got 
(5) =0+b=u, whence u=b. 
dt} t=0 


If bo the final velocity, wo find (2), ,7/ ^7". 


Substituting these values in eqn. (i?) we get v=u+ ft. 
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the body may be supposed to be moving with this average 
velocity during the whole period t. The space described by 
the body is then by* 


uy g tU 
EEE is xt= 2 xt 


s=ut+dit.? + — (20,3) 
If the body has a retardation f, eqn., (20,3) takes the form 
s=ut—$ft.? see (20,34) 
From (20,2), y? (u-- ft)? =u? +2uft+-f es? 
—u-E2f(ut--3 ft*) 
from (20,3) v? —u*--2fs. «+ (20,4) 


For a retardation f, eqn., (20,4) takes the form y*—u?*—2fs. 

(iv) Space described in any part icular second.—Let the 
space described in the tth. second be denoted by st 

Then s,—space passed in ¢ sec.—space passed in (t — 1) sec. 


—(ut--1fi*)- tuli) H-D, 
wherice smi, e (20,5) 


Special Cases— 
(i) If the body starts from rest, u=0. 


Then v—ft ; s—4ft? ; v?=2fs ; s,— a's 
(ii) If the body has retardation SF (ie acceleration — f). 
then y—u — ft ; s=ut —1fi? ; v* —u* - 2fs ; sau Ay, 


Examples : . 

1. A body starts with a volooity of 45 miles per hour and movos undor 
a constant retardation of 11 ft. por 50c.* Find (i) its velocity after 2 secs. 
(i) aftor what time it will stop, and (iii) what distanco it moves before 


coming to rest. 


* Wo know that 
aa)! whonco by integration P u. 


By transposition we have ds 2 f idt 4-udt. 
Again, by integration we have, 
f daz f ftdt f udt or, a2] ft utet (1) 
whore c is constant. If now time is measured from the instant, whon. dis- 
placement is zero, we have when t=0, 52:0 whence c=0. 
Soszut4 3 ft. 
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Ans. Here u=45 miles per hour=66 ft. per second, and f=—11 ft. 
per seo.? 

(i) From v=u—ft., .. v=(66—11 x2) ft.[sec. —44 ft. per second. 

(ùi) Let it stop after ¢ seconds. Here 0—66—11x4 .*. &=6 seconds. 

(iii) Lot the body move through s ft. ; then v=0,4=66 and then 0?= 
66° —2x 11 x s when s=198 ft. 

2. A body moving with uniform acceleration and with an initial volo- 
city of 14 ft. per sec. passes over 8 ft. and then its velocity is.18 ft. por sec. 
What is the acceleration ? 

Ans. Let f=accoleration of tho body. Its initial velocity is 14 ft./sec. 
and after passing over 8 ft, its final velocity is 18 ft./sec. Then from tho 
egn., v? =u? + 2fs follows. 

18? 214? +2fx8, whenco f=8 ft.[soc.? 

3. A bullet moving at tho rate of 200 ft. per second is fired into tho 
trunk of a tree into which it penetrates 9 inches. If the bullet moving with 
the same velocity wero fired into a similar pieco of wood 5 inches thick, 
with what velocity would it emergo, supposing the rosistanco to be uni- 
form ? [Raj. U.— 1953] 

Ans. The striking velocity ofthe bullet is its initial velocity and its 
final velocity is zero after moving through a distanco of 9 in.=} ft. 
through the trunk. Hence, the retardation f of the bullet is obtained 
from the relation v? zu? —2fs. 


^. 0?2200?—2fx 3, whero f= Bu 


:20000-66 fi. [sec.2. 


Retardation being the same in a EST piece of wood 5bin.or y, ft. 

thick, for its final yolocity à similar equation will hold. Thus 
f 8x 104 
v? —200? —2x 3 

4. A body starting from rest travels 150 ft. in the 8th second. Calculate 
the acceleration a$suming it to be uniform. 

Ans. Space moved over in 8th second=spaco moved over in 8 seconds 
—that in 7 seconds. Now the space covered in 8 seconds (assuming f £o be 
the acceleration) is given by 

6,=0+3fx8*=32f. 
Similarly, the space covered in 7 sec. is givon by, 
8520-4 fx 73259 f. 

But s, —8, —150 or, 32 f — 4? f — 150, whence f = 20 ft. por soc.?. 

5. A point mass moving with uniform acceleration, describes in its last 
second of motion jth of the whole distance. Tfit started from rest, how 
long was it in motion and through what distance did it move, if it deseri- 
bes 6 inches in the first second ? [Utkal U.— 1954] 

Ans. When it describes 6 inches or ` 5 fti in the first. Second starting 
from rest, then applying eqn. (20.3) and putting «=0 and t=1, we got, 

-5 ft.=4 f, whence f =1 ft. per sec.?. 


xq, whence v=133 ft.[soc. approximately. 
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Let the whole distance be s ft. described by the body in time ¢ sec, 


Then s=} ft? =41?, +» (1) 
Again, since it travels ,% of s ft. in the ith sec. 
2—1 s. (2) 


oe d= xf or, t-i = s 
Multiplying eqn. (1) by f, and we derive from (2) 
258 = p0 =t—4, whence 97? —50t +25=0. «++ (8) 

Solving the quadratic equation in ¢, we get two values ¢, and ts, 
50+ 42500900. y seconds and t = 20— 2500-900, 

18 18 
Substituting in eqn. (1) when t, —5 sec., 8, =12°5 ft. ; 
and when 1, =$ sec., 2, —0:15 ft. 
The second pair of values t, and s, are improbable and to be rejected. 


21. Vector and Sealar Quantities—Any physical quantity, 
which has got a magnitude only and is subject to ordinary 
arithmetical laws, is called a sealar quantity. Thus, if a man 
works for 5 hours in the morning and again for 4 hours in the 
afternoon, he has worked for 9 hours during the day. The 
total period is obtained by the arithmetical sum, showing that 
time is a scalar quantity. For a similar reason mass, density, 
distance and volume are scalar quantities. 


Any physical quantity, which has a directional property in 
addition to its magnitude, is called a vector quantity ; so, for 
the specification of a vector, its direction must be mentioned 
along with its magnitude. Thus, when we Say that a man has 
moved 20 yards from a certain point, he may be anywhere on 
the circumference of a circle of radius 20 yds. about the initial 
position. But if it is stated that the man has moved 20 yds. 
due east, his position can at once be determined. Hence, to 
state a displacement completely, both its magnitude. and direc- 
tion must be mentioned. Or in other words, displacement is a 
vector quantity. Similarly, velocity, force, etc., are vectors. 


Any vector quantity can be represented by a straight line, 
whose length represents the magnitude and whose direction gives 
the direction of the vector. A single vector, whose effect is the 
same as the combined effect of two or more vectors, is called 
the resultant of these vectors or simply the vector sum. The 
process of finding the resultant is called a vector addition or the 
composition of vectors. 


22. Graphical Representation of Motion—A motion may 
be represented graphically by indicating the variation of dis- 
placement of the body with time. Let OX and OY be two 
rectangular axes of co-ordinates with O as the origin (Fig. 32). 
The time is measured along OX and the displacement along OY. 
ge values of the units on the graph paper may be suitably 
chosen. 


Pt. I/G—3 


5 
where t= $ second. 
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Suppose now that particle has a displacement of 15 ft. in the 
Ist sec., 30 ft. in the first two seconds and 45 ft. in 3 secs. The 
corresponding points on the graph paper are A, B and C lying 
on a straight line passing through the origin. Thus a straight 
line on the time-displacement graph represents equal displace- 
ments in equal times, which is a uniform velocity. It is evident 
that the velocity V represented by the straight line OC is 
given by 


R 


& 8 S 3 «4 
fost 


S 8 
Displacement in 


Displacement in feet - 
p 
o 


2 2 
Time in seconds Time in seconds 


Fig.32—Graph of Uniform Velocity Fig. 33— Uniform Acceleration 


V- x tan ZCOX=15 ft. per sec. according to units 
chosen. 


Hence the tangent of the angle made by the straight line 
with the time axis represents the velocity. The value of the 
tangent of an (acute) angle increases continuously with the 
angle, and so the line OPQR which makes a larger angle with 
the time axis represents a higher velocity than that of the line 
OABC. As shown in the graph, the line OPQR represents a 
velocity of 25°5 ft./sec. Any line coinciding with or parallel to 
OX makes no angle with OX, and so this line represents zero 
velocity, whereas a line coinciding with or parallel to OY 
makes an angle of 90° with OX, and so it represents an infinite 
velocity. A uniform velocity is given by the equation v=s/t 
or, s=vt. Therefore, a relation of s with í fora given value 

- of vis similar to the equation y=mx-+c, where mis a constant 
and c=0. Thus s=vt represents a straight line passing through 
the origin. 


— 
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Again consider that a body starting from rest is moving with 
a uniform acceleration. During first second, let the body 
traverse a distance of 8 ft. During the first two seconds let the 
displacement be 32 ft. and in first three seconds let the displace- 
ment be 72 ft. Evidently, the body is moving with a constant 
acceleration td opal Now on the graph paper plot time as the 
abscissa and displacement as the corresponding ordinate, shown 
by the points A, B and C (Fig. 33). Passa free-hand smooth 
curve through these points; the curve is a parabola. The 
more steepy parabola as that given by the curve OPQR signifies 
a higher constant acceleration, as it represents larger displace- 
ments than that given by the curve OABC in any given interval, 


We know that s—ut--1ft* represents an equation of 
accelerated motion. If u=0, then s={fi? which is similar to 
the equation y—4ax* representing a parabola. Therefore, the 
relation of s and ¢ in a uniformly accelerated motion is a 
parabola. Even if there is some initial velocity u of the body, 
the graphical relation between the displacement s and the time 
t is parabolic in nature. 


23. Angular Velocity—We have already seen in Art. 16 
that when a rigid body moves round any straight line as its 
axis of rotation, all the particles of the 
body move in circles about the axis as 
the central line. The angular velocity 
is said to be uniform when equal angles N 
are swept over in equal intervals of 


time. The angular velocity of the et 

body is rede by the angle swept M 
out in unit time by a line joining any 

point of the body to the centre of ee 
rotation, provided that the motion is Fig. 94 


uniform. Let a particle of the body move through an arc MN 
in one second (Fig. 34). The angle at the centre O subtended 
by the arc MN is equal for all points of the body and is known 
as its angular velocity. It is generally expressed in radians per 
Second and is usually denoted by o. 


Leta body, moving with a uniform angular velocity c, 
describe angle 9 in time ¢.* Then @=ot, or o—6|t. Again, the 
angle described in one complete revolution is 4 right angles or 


* Let 0 be the angular rotation of a body at the end of an interval of 
time ¢ and let, 0+d0 be the angular rotation of the body at the end of an 
interval of time ¢+-dt, where d and dt are both infinitesimally small as 
compared to f and. "Then the angular velocity ab time ¢ is denoted by 
m 2 When uniform, the coefficient a is constant for all 
values of 0 and t. When variable, this differential co-efficient varies with 
time, 


wiioeinnt ate ravi 


2a radians. M the time for one complete revolution be T and 


if the number of revolutions per second be a, then — 
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Parallelogram of Velocities—/f a particle simultaneously 
possesses two velocities represented in magnitudes and directions 
by the two adjacent sides of a parallelogram drawn from a 
point, their resultant is represented 
in magnitude and direction by the 
diagonal of the parallelogram pass- 
ing through that point. 


. Let the sides OA and OB of 
a parallelogram (Fig. 35) represent 
in magnitudes and directions the 
velocities u and v respectively acting 
upon a particle at O and let the 
directions of the velocities be in- 
clined to each other at an angle «. Complete the parallelogram 
OACB and join the diagonal OC. Then the resultant velocity 
R acting upon the particle is represented in magnitude and 
direction by the diagonal OC. 


Fig. 35—Parallelogram Law 


Produce OA and from C draw CD perpendicular to it. Let 
the direction of the resultant OC make an angle 0 with the 
direction of the component u, so that Z AOC—0. Now the 
AODC being right-angled at D,— 


OC?—OD*--CD*?—(OA + AD)?--CD? 
—OA?--20A.AD--AD?--CD? 
—- OA?-- AC? + 20A.AC cos «. 
Since, AD?--CD?—AC*? and AD—AC cos «. 
R? — u?--y*--2uv cos «. ^ oe QAI) 


CD CD y sin « 
= => “ = E 2 
Also tan L Jed CON (24, ) 


Thus, knowing v, v and «, the values of R and tan 0 may 
be calculated. Further referring to the Table of tangents, the 
value of 0 in degrees can be found. In general, the resultant 


velocity is inclined at an angle tan`! M BT 
u+yv cos « 


to the direction 
of the velocity u. 


25. Composition of Vector quantities—Since the displace- . 


ment also is a vector quantity, it has a magnitude and direction, 
and the parallelogram law can be applied to a body under the 
action of two displacements acting simultaneously or succes- 
sively. We can state the parallelogram of displacements thus : 


If two displacements, represented in magnitudes and direc- 
tions by the adjacent sides of parallelogram, act upon a body 
either simultaneously or successively, their resultant is repre- 


ART, 25 MOTION 39 


sented in magnitude and direction by the diagonal of the paral- 
lelogram passing through that point. The magnitude and 
direction of resultant displacement may be found exactly in the 
same way as in the parallelogram law of velocities. 


It is evident from figure 35 that vector of length OA, repre- 
senting a velocity or displacement along with a vector OB of 
another. velocity or displacement 
produce a resultant vector oc, c 
Since OB is equal and parallel to 
AC, we may also state that à 
vector OA and a vector AC pro- R 
duce a resultant vector OC. Thus 
instead of drawing a parallelo- 


gram, the resultant may be found O A 
by completing the triangle with 
the two vectors as its two sides as Fig. 36—Vector sum 


shown in figure 36. If OA and AC 
represent two velocities or displacements acting upon a particle, 
their resultant is represented’ by the third side of the triangle 
taken in the opposite direction. In terms of vectors we can 
write the equation in the form,— 

> y > 


OA+-AC=0C ewe (25,1) 


It is to be remarked that the algebraic sum of the length of 
OA and AC of a triangle is always greater than the third side 
OC, Such an algebraic summation is called a scalar summation. 
So OA and AC without any arrow-head signs are called 
scalar values of the corresponding vectors. But the two vectors 

> > 
OA and AC represented in magnitudes and directions, would 
— 


combine to make up à vector OC. This is called a vector 
summation being represented by the equation (25,1). 


Parallelogram of Aecelerations—The parallelogram law 
applies also in the case of two or more accelerations impose 
on a body. Suppose a body simultaneously possesses two 
accelerations f, and f » represented magnitudes and directions 
by OA and OB respectively (Fig. 35) acting atan angle « with 
each other. 


The resultant acceleration is given by, 


fof + fats if 2 008 * and tan DE ETE 
e (25,2) 


Since an acceleration has got some magnitude and direction, 
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it can be treated asa vector. So fıs f s and f can be expressed 
as vectors 
> => > > > 


Si, f and f. Then fi +f ,—f * (25,3) 


Geometrical Proof.—Let u and y represent the components 
ofan initial velocity R, resolved along accelerations f, and f', 
(Fig. 37). Then after one second the velocity along u will be 
u+ f,—AE and velocity along 
vis v--fj—AF. The resultant 
velocity after one second by 
parallelogram law is AH=Rg. 
At the start the initial velocity 
was R, and after one second 
the velocity becomes Ry. By 
triangle of velocities the resul- 
tant of AD and DH is AH. 
Therefore the difference of 
velocities between R, and R, 
is DH—f. Sof represents the 
resultant acceleration due to Fig. 37 
the accelerations f, and fy. It 
is clear from the diagram that GDKH is a parallelogram with 
sides DG—f, and DK=f 1 This proves the theorem on paral- 
Jelogram of accelerations. 


26. Triangle of Velocities—This is a theorem of explaining 
how three velocities acting upon a particle produce no motion, 
which is known as a condition of equilibrium. The theorem 
states that if a body simultaneously possesses three velocities 
represented in magnitudes and directions by the sides ofa 
triangle taken in order, the resultant is zero, i.e., the body 


Fig. 38 Fig. 39 Fig. 40 
remains at rest. In figure 38, three velocities represented by 
AB, BC and CA ofthe triangle ABC act upon a particle. By 
applying the parallelogram law of velocities, the resultant of 
any two of these velocities, e.g., AB and BC, which are the 
same as AB and AD, is found to be AC. Consequently, three 
velocities AB, BC and CA combine to become two velocities 
AC and CA. Now these two velocities being equal and 
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opposite, the resultant of the three velocities AB, BC and CA 
becomes nil. This is also a composition of vectors. 


The principle of the triangle of velocities may also be 
applied to find the change in velocities during an interval when 
a body is moving over a curved path. Imagine a particle to 
be moving along a path ABCD (Fig. 39). Let its velocity at 
B be represented in magnitude and direction by the straight 
line BE, and that at C by the line CF. It is evident that there 
would be a continuous change of velocity as the particle 
moves from B to C, the initial velocity being BE and final 
velocity being CF. U 


Draw a line XY equal and parallel to BE and another line 
XZ equal and parallel to CF (Fig. 40). Complete the triangle 
by joining YZ. Then by the parallelogram law or vector 
summation,— 

—> > > 


> > > 
XY+YZ=XZ or, XY-XZ-YZ. 


Thus the change of velocities during the interval is represen- 
ted in magnitude and direction by the line YZ. 


Examples : 

l. Velocities of 12 ft. per sec. and 15 ft. per sec, act upon a particle 
and are inclined to each other at an angle of 30°, Find the magnitude and 
direction of the resultant velocity. 

Ans. Let u=12 ft. per soc. and v=15 ft. per sec. 

Then, R? 212? 4-15? --2 x 12 x 15 cos 30° 

= 369+ 360 x ‘866 — 080-70, whence R —260:08 ft; per seo, 
. 15 sin 30° T5 75 s 
12415 cos 30° ~ 12+1299 7 24997 ^ 

With reference to the table of tangent, ( — 1642' with respect to the 
direction of the velocity of 12 ft. per sec., 

or, 0 —tan^!'3. 


Again, tan @= 


2. The wind blows from a point intermediate between north and east. 
The southernly component of velocity is 5 m.p.h. and the westerly 
component is 12 m.p.h. What is the velocity with which the wind 
blows ? [ Del, U.—1948 ] 


Ans. Since directions south and west are at right angles to each 
other, the two component velocities also are at right angles to each other. 
Hence, if R be the resultant velocity of the wind, then 


e R2=5%+129+2x5x 12x cos 909—109. 
i.e., the resultant velocity = 4/169 —13 miles per hour. 


3. A partiele is found to move with a velocity of 10 ft. per sec, dua 
east at a certain instant, After 2 minutes it is found to move with the 
same velociby due north. Find the change in velocity during the interval. 
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Ans. Although tho velocities, at the initial and final stages, remain 
the same there is change in velocity. Let BC 
represents the velocity due east and BA the 
velocity due north, both being equal to 10 ft. 
per sec. (Fig. 41). Then from tho triangle of 
velocities, velocities BC and CA combine to 
produce BA. Hence the change in velooity is 
CA. Now if D be the middle point of AC, 
DB=CD=BC sin 45» —10 x 707. 
CA=2DB=14'14, 
Fig. 41 Thus during the interval the change in 
velocity is 14-14 ft./seo. due north-west. 


27. Resolution of Velocity—Let AC represent in magnitude 
and direction a velocity which is to be resolved into two com- 


Fig. 42 Fig. 43 


ponents (Fig. 42). Draw a parallelogram ABCD with AC as 
diagonal. Then the adjacent sides of the parallelogram AB and 
AD will represent in magnitudes and directions the two required 
components. But since any number of parallelograms can be 
drawn with a given line as diagonal, a velocity such as AC can 
be resolved into an infinite number of pairs of, components. 
The adjacent sides of any parallelogram AGCH or AECF, for 
example, drawn with AC as the diagonal, may as well represent 
the components. 


Let ABCD bea parallelogram of which the angles made by 
AD and AB with the diagonal AC are « and B. Since / DAC— 
ZACB, and Z DAB—«--8, and consequently Z ABC—180^ — 
(«--8). Hence from the (trigonometrical) law of sines of a 
triangle, if AC—R, it follows that,— 


AB BC E AC 
sin« sin sin [180° — («4-8)] 
ET ur 
^O AB-Rgs (tp) 9nd BC-gn (c+) e 71) 


The components are very often resolved at right angles to 
each other. In this case each component is said to bea resolute 
or the resolved part in that particular direction. 
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Let OS (Fig. 43) represents in magnitude and direction a 
given velocity R, which is to be resolved into two mutually 
perpendicular directions OP and OQ. Letthe angle POS be 
denoted by «. From O draw OQ perpendicular to OP. From 
S draw SP | to OP and SQ | to OQ. Then by the parallelo- 
gram law, OP and OQ represent the required components u and 
y respectively. j; 


Since OP=OS cos « and OQ=OS sin «, we get 
u=R cos « and v—R sin «. 1**50(27,2) 


Evidently, if « be given which means that if the direction of 
one of the components be specified, then both the components 
become definite in magnitudes and directions. 


Resolution of an Acceleration—In a similar way, it can be 
proved that if OS (Fig. 43) represents a given acceleration fin 
magnitude and direction, the resolved parts of the acceleration 
along the directions OP and OQ will be represented by f cos « 
and f sin « respectively. 


28. Relative Velocity—The relative velocity is defined to 
be the apparent motion of one body relative to another, which 
may either be at rest or in motion. In this case, if the distance 
between the two is found to change from time to time, each is 
said to have a velocity relative to the other. Thus, the relative 
velocity of a particle A with respect to a second particle B is 
the rate at which A changes its position relative to B. 


When both the bodies move in the same direction with the 
same velocity, the relative velocity of each with respect to 
the other is zero. For example, if two trains are running on 
parallel lines along the same direction with the same velocity, 
then to a passenger in one train, it would appear that the other 
train is at rest. 


If two railway trains A and B run on parallel lines in the 
same direction but if A has a greater velocity than B, then to a 


A Belt-cub 
U4«-----—M 
B 2 D E 
Uc----- Ue nnn 
Fig. 44 Fig. 45 


passenger in A, B will appear to move backwards, while to a 
passenger in B, A will appear to move forwards. If the two 
trains move in opposite directions, to a passenger in. one, the 


other would appear to be moving away faster than its own 
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Speed. For a similar reason, when a man is running in a shower 
of rain, the rain-drops, though falling vertically, appear to strike 
his face in a slanting direction. 


In general, the relative velocity of any body B with respect 
to another body A, is obtained by taking A to be at rest and 
compounding with the velocity of B a velocity equal and opposite 
to that of A. The resultant thus obtained gives the required 
relative velocity of B in magnitude and direction. For example, 
imagine'that two bodies A and B are moving parallel to each 
other in the same direction with velocities x and y respectively 
(Fig. 44). To find the relative velocity of B with respect to A, 
impose an equal and opposite velocity u on A and B. Thereby 
A is brought to rest and B moves with a velocity u —v. The 
relative velocity of two bodies moving with different velocities 
in different directions is shown in figure 45. Here A is moving 
backwards with velocity u, and Bis moving with velocity v 
along BD. To find the relative velocity of B with respect to A; 
the latter is brought to rest by imposing an opposite. velocity 
in the forward direction. An equal and parallel velocity u is 
imposed on B along BL and their resultant. R is obtained. B 
then appears to be moving along the resultant direction BE 
when observed from A. It is found that Jaws of mechanics are 
the same on two bodies having a relative uniform motion with 
respect to each other. 


Example : 


To aman walking at the rate of 2 miles an hour, the rain appears to 
fall vertically. When he increases his speed to 4 miles an hour, it appears 
to meet him at an angle of 45° ; find the real direction and speed of rain. 

[ Pat. U.—1951 ; Utkal U.—1953 ] 


Ans. Letu-velociby of the rain in miles per hour and @=tho 
direction of the rain with verticalin degrees. Suppose that the man is 
walking towards east. To bring him to rest, impose a velocity on him of 
2 miles/hour towards west and also apply the same velocity on the 
falling rain drops. The resultant velocity of the rain drops according 
to the problem has a vertical direction. "Thus u sin 0=2. Again when 
he walks 4 miles/hour towards east, bring him to rest by imposing an 
opposite velocity and apply tho same velocity on the rain drops. The 
resultant makes an angle of 45° with the vertical. By drawing the 
figure, it can be very easily proved that in this case w sin 04- 
ucos 0-4. Hence, from these two equations, 7=45° and u=2,/2 
miles/hour. 


7.29. Dimensional Representation of Quantities—It has 
already been stated in Art. 13, that the dimensions of length, 
mass and time are represented respectively by the letters L, 
M and T. Since velocity is the distance covered by a body in 
unit time, it can be obtained by the quotient of total length 
covered and total time. Hence the dimension of velocity is L/T 


Or LT^'. The same is the dimension of variable or uniform 
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speed. If a body possesses a velocity of 10 cms./sec., we may 
as well express it as IOLT-* C.G.S. units. Acceleration is the 
rate of change of velocity and hence it has the dimension of 
velocity/time or LT-*/T, i.e. LT-?. For example, an accele- 
ration of 3 ft./sec.2 may be expressed as 3LT-^? F.P.S units. 
A retardation has a negative sign before it. 


An angle .expressed in radians is the quotient of arc and 
radius. The dimension of an angle is therefore L/L or unity. 
Hence an angle has no dimension. An angular velocity is 
ba as an angle divided by time. Hence its dimension 
is ri 

It is interesting and instructive to note that in an equation 
involving physical quantities, dimensions on both. sides of the 
equation ought to be identical. In fact the identity of dimen- 
sion is a true test of the validity of an equation. Thus, taking 
the equation, s=ut+4/ft2, the left hand side term has the 
dimension of L ; ut has the dimension of LT-! x T—L and ft? 
has LT-?x T?—L. Thus the equation is true. 


[To facilitate quick calculations in mathematical. problems 
students are required to remember the following equivalences : 
30 miles per hour—44 ft. per sec. 
1 mile per hour—44:703 ems. per sec. 
2—31415 ; 31415 radians=180° 
1 em. per sec.=‘0328 ft. per sec.] 


Exercises on CHAPTER IT 


Reference 3 
Art. 20 1. An object needs 3 seconds to fall down vertically 
from rest from a height. of 144 feet. Find its acceleration. 
[W.B.H.8—1971] 
Ans. 32ft.[sec.*. 
Art. 20 2. Derive the relation s —ut-- 3/t*. 
(Del. H. 8.—1949 ; Anna. U.—1950) 
Art. 20 3. A train, starting from rest, travels with uniform acce- 
leration and acquires a velocity of 60 miles per hour in 
2 minutes. Find the acceleration and the distance passed 
over in the time. (0. U.—1957) 
Ans, f-jjft. per sec.? ; 5280 ft. 
Art, 20 4. A train travelling at the rate of 30 miles per hour is 


stopped in 1 minute by putting a brake. What isthe retar- 
dation and for what distance was the break applied ? 
Ans. 4} ft.[sec.? ; 1 of mile. 
Art. 20 * 5. A body moving with uniform acceleration describes 76 
ft. in the 5th second and 116 ft. in the 10th second. Find 
the distance it passes over in the 15th second. 


Ans. 156 ft. 
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6. A train starts from rest with an acceleration of 0:5 
ft./sec.* and at the same timo a dog starts off and runs 
arallel to it with a constant velocity of 16 miles an hour. 
How far willthe dog have gone before the train overtakes 
him and what time will have elapsed ? 


Ans. 2203:2 ft. ; 93-86 seconds. 


7. Two trains leave the same station on parallel lines. 
The first starts from rest with a uniform acceleration of:5 
ft./sec.? and attains a maximum velocity of 15 miles per hour 
which is kept constant. The other starts from rest 40 seconds 
after the first with a uniform acceleration of 1 ft,/sec,? and 
attains & maximum and constant velocity of 30 miles per 
hour. At what. distance from the station and how long after 
leaving will the second pass the first ? 


Ans. 1760 ft. ; 62 secs., when both the trains will have 
uniform speeds, 

8. The distance between the sun and the earth is 93 x 10° 
miles. Assuming that the earth moves round the sun ina 
circular orbit once in 365 days, find its angular velocity in 
radian per sec. and linear velocity in miles per sec. 

Ans. 199x1077 radians/sec. ; 185 miles/sec. 


9. State and prove the law of parallelogram of velocities. 

(Utkal U.—1955 ; Del. U.—1958) 

10. A river has got a current. of 5 miles an hour and a boat 

is rowed across it with a speed of 4 ft./sec. at an angle of 60° 

with the bank down the current. Find the resultant speed. 

Neate the time to cross the river, if its width is half a 
mile. 

Ans. 9'9 ft.[sec. ; 12 min. 41 secs.. 


ll. A body moving with a velocity of 8 ems, per sec, has 
an acceleration of 6 ems. per sec,? applied to it in a direction 
making an angle of 90° with its original direction of motion. 
Calculate its final velocity and its displacement after 1 second, 

Ans. 10 oms. per sec. ; 8°5 oms. 


12. Rain dropsare falling to the earth vertically with a 
speed of 4 ft. per second. What should be tho speed of a 
cyclist on a level road at which the rain drops appear to 
strike him at an angle of 30° to the vertical ? 

Ans. 2:3 fi.[seo. 

13. . To a motorist going north at 30 miles en hour, the 
wind appears to blow from north-wost. Actua ly it is blowing 
from west. What is its true velocity and what is its apparent 
velocity ? 

From what direction and with what velocity would tho 
wind appear to blow to a motorist going south at 15 m. p.h. 
Illustrate your explanation by diagrams. 


Ans. 30 m.p.h. ; 42-4 m.p.h. ; 26°84’ S of W ; 39:5 m. p.h. 


14. Explain what you mean by ‘relative velocity! and. 
how it can bo measured. (C. U.—1960 ; Utkal U.—1954) 


—— 
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CHAPTER Til 
FORCE : NEWTON'S LAWS OF MOTION 


30. Inertia and Force—It is an inherent property of a 
material body that without any external agency it cannot 
change its state of rest or of motion. If the body is found to 
be at rest, it continues to be at rest for all time to come. If 
again, it is found to be moving, then in the absence of any 
retarding agency itkeeps on moving for all time to come. 
This property of a material body is called its inertia. When- 
ever a change of state is brought about, it must be due to some 
external cause, which is termed a force. Hence a force is that 
which acting ona body changes or tends to change the state of 
of rest or of uniform motion of a body. |t means that any 
change in the state of intertia of a material body is brought 
about by a force. A force must have its (i) point of application, 
that is, the point at which the force acts, (ii) direction and 
(iii) magnitude. A force is thus a vector. 


31. Newton's Laws of Motion—The three laws of motion, 
first enunciated by Sir Issac Newton (1643—1727), are based on 
general observations of motion of material bodies and form the 
basis of Dynamics. The following laws were first published in 


his famous book ‘‘Philophiae Naturalis Principia Mathematica" 
in 1686. The three laws are stated thus : 


First Law—Every body continues in the state of rest or of 
uniform motion in a straight line, except in so far as it is 
compelled by some external impressed force to change that 
state. 

Second Law—The rate of change of momentum of a body 
is proportional to the impressed force and takes place in the 
direction of the straight line along which the force acts. 


Third Law—To every action there is an equal and opposite 
reaction. 

32. Explanation of the First Law—This law consists of 
two parts. The first of these*implies that a material body can 
not of itself change its state of rest or of uniform motion. It 
also states that a moving body, when not acted upon by an 
external force, will have free motion, that is, uniform motion 
in a straight line. Previous to Newton, Galelio Galilei (1564— 
1642) made several experiments on the motion of balls on an 
inclined plane and gave a preliminary idea that the motion of 
a body over a perfectly smooth horizontal surface would never 
stop. Itis not possible to verify this experimentally, for we 
cannot make a body perfectly free from external forces. Thus, 
owing to the resistance of the ground and of air, a very smooth 
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ball, rolled on the ground, soon comes to rest. If the surface 
were more smooth, the ball would roll on for a longer time 
and distance. The nearest approach to a free motion is the 
motion of a glass ball over a smooth sheet of ice or on a marble 
floor in the absence of wind. 


The second part of the law furnishes us with an idea regard- 
ing the function of a force. Thus (i) a force changes or tends 
to change the state of rest of a body ; and (ii) a force changes 
the state of motion of a body, by increasing the speed or by 
decreasing it. The law also implies that the force, which is 
to produce a change in the state of rest or motion of a body, 
must be externally impressed, that is acting from outside on 
the body and not stresses or internal forces between the parts 
of the body. It is then evident that the effect of inertia may 
be of two kinds, namely : 


(i) inertia of rest, which means that a body at rest has a 
tendency to remain at rest ; 


(ii) inertia of motion, which indicates that a body in motion 
tends to preserve its motion. 


Illusrtations of Inertia of Rest—To show the effect of inertia 
of rest of a body, take a ball B and place it on a rectangular 
card C just above a hollow cup 
fixed. on a vertical stand S (Fig. 
46). The base is provided with 
a metal spring R which can be 
swung aside and fixed to a clamp 
L on one side. Now fix the spring 
to the clamp as shown in the 
figure. On releasing the clamp, 
the spring jumps back and strikes 
the card which is thrown off, 
while the ball owing to its inertia 

Fig. 46 of rest does not move forward 
but slips down into the cup. 

A bullet fired against a window pane makes a clean hole 
and not cracks. The glass surface, near about the place where 
the bullet strikes, cannot share a quick motion of the bullet 
and remains at rest. When a motor car or a tram car starts 
and rapidly picks up speed, a passenger standing or sitting 
loosely in the car falls backwards. The lower part of the body, 
being in contact with the car, shares the motion but the upper 
part tends to maintain a state of rest. In beating the dust off 
acoat by a stick, the coat is suddenly set into motion, while 
the loose dust particles, tending to remain at rest, fall off. 
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therope and its other end is coiled over a wheel. ' The top) of. the 
crane (Fig. 62) is in equilibrium under the action of three forces; viz: 
(1) theload W hanging vertically downwards, (2). the thrust R on. 
the jib, and (3) the pull P of the tie-rope. Let ab represent :W: in 
magnitude and direction. j Daian 
Draw be parallel to the 
tie-rope and ac parallel to 
the jib, meeting each other 
at c, Then bc and ac 
represent P and R respec- 
tively. Thus the three ^w 
forces, being represented 
in magnitudes and direc- 
tions by the sides of the : : 
triangle abc, taken in Fig. 62; Simple Crane ^ " — ^ 
order, are in equilibrium. In this condition a little more pull by the 
tie-rope will lift the load with a slow motion. lt is evident that the’ 
heavier is the load pulled by the tie-rope, the greater is the thrust on 
the jib. So the jib rod must be very rigid and the base of the crane’ 
D 


must be very stout. 


such a case depends on (i) the magnitude of the force, and (/7) the 


line of application of the force wit 
perly, the perpendicular distance of t 
from the axis of rotation. 


The tendency of a force to 
produce rotation of a body is 
measured by a term ‘moment’ of 
the force. The. moment of a 
force about an axis is measured 
bythe product of the force and 
the perpendicular distance of its 
line of action. from the axis, 
Since the rotating body may bé 
of any shape and size whatsoever, 
we may generalise that if a body, 


whose axis of rotation is at O, be acted upon bya force F, and if 
OA be the perpendicular distance of its line of action from O, then 


:the moment of the force is F, X OA. The perpendicular distante is 
calle? the orm of the force. Thus it becomes easier to. open or to 


P--1/G—4(a-h) 
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close a door by turning about its hinges, if the force is applied per- 
pendicular to the surface of the door and as far away from the hinges 
as possible. Again the moment of a force vanishes, if (i) the force 
itself is zero or (ii) its line of action passes through the axis of 
rotation. The moment is a vector quantity. 


If the rotation is anti-clockwise, the sense of motion is taken to be 
positive, whereas if the rotation is clockwise, the sense of motion is 
negative. In figure 64 the moment F, X OA is positive, while Fẹ OB 
is negative. When two such opposing moments simultaneously act 
upon a body, it would move in the direction of the larger moment 
and the resultant moment is F, X OA—F,xOB. Ifthe force and the 
distance from the axis are expressed in C.G.S. units, then the moment 
is given ina unit of dyne-cm. In the F.P.S. system it is expressed as 
poundal-foot. In M. K. S. system the unit is newton-metre, The 
dimension of moment is the product of a force and distance which 
is MLT-2x L=ML?T-?, 

So, if a rigid body capable of turning about a fixed point is acted 
on by two forces, such, that their moments about the point are equal 
in magnitude but opposite in sense, the body remains at rest. If a 
body, under the action of any number of coplanar forces, be at rest, 
then the algebraic sum of moments of all torces about any point in 
their plane is zero, 


43 Moment of Inertia and Angular Momentum—It has already 
been explained in Arts. 31 and 33 that the innereat property of a 
material body. is to maintain its state of rest or its state of motion 
which is called its inertia, Due to the inherent property the body it 
requires an external force to chang: it’s state of rest or of motion and 

. the force is, by: Newton’s Seconu Law, proportional to the àccelera- 
tion. of the body. The constant of proportionality between the force 
applied and the acceleration generated is called the mass. So inertia 
is not exactly the mass but a property. associated with it which tends 
to conserve its state of rest or of uniform motion. But it is an 
observed fact that if mass is increased, the force required to give it an 


equal acceleration increases proportionately and this is due to the 
increased inertia of the mass. 


When. a materjal body possesses a rectilinear motion (Art, 17), 
each elementary particle, of which the hody is composed, has got an 
equal translational velocity at any instant. 
Let the mass M of the body consist of n 
particles having masses m,, ma, ms, ms. 
Since each particle has got the same velo- 
city y, the sum of all the linear momenta 
of all the particles of the body is given by 
MVE mav- ...- Ema (m; +m +...m,V= 
uU My. oa (43,1) 


To change this linear momentum a force is necessary and this is 
due to its property of inertia, 


0 es 
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. If now this body revolves uniformly round a fixed axis through O 
with an angular velocity o, its linear momentum is zero, since the body. 
asa whole has no motion of translation (Fig. 65). But to increase 
or decrease the angular velocity, a force would have to be applied on. 
the body whose line of action will pass through a point not lying on 
the axis of rotation. This means that the effect of the force is depen- 
dent upon the magnitude of the force as well as the distance of its 
line of action from the axis of rotation. Thus the moment of the 
force can only produce a change in the angular velocity of the body. 
It is evident that, while a force produces a change in the instanta- 
neous linear momentum of a body, the moment of a force is capable 
of producing a change in the moment of instaneous momentum of a 
rotating body. : 


Consider now the particles m, , 7a, ...my, at distances ri, 75, .«. «n 
respectively from the axis of rotation at O (Fig. 65). Each particle is 
having a uniform circular motion with an angular velocity w. Let 
Vis Vass» Mm be their tangential velocities at any point in their paths, 
Then the linear momenta of the particles at any instant are given by 
INV yy N,V apresse Jm," Now taking moments of all these momenta 
about the axis of rotation and adding them, we get the expression. 


MV FMW a gt ... mayas. 


But we know v,-—/,0,g—/50,--. --- "»—ro. Thus by substitu- 
ting these values, we get the following condition.— 


Moments of instantaneous momenta ofthe particles composing 
the body (m, r, >+ Marg + . m,r,?)o 
=oxmrt (43,2) 
where as usual X dcnotes the summation of the product of all; the 
masses of the particles and the corresponding squares of their dis- 
tances from the axis of rotation. 


The term gmr? is called the Moment of Inertia of the body about 
the given axis of rotation and is generally denoted by I. The value 
of the moment of inertia depends upon the mass and shape of the 
body as well as on the position of the axis of rotation. The moment 
of momentum is also called the angular momentum. Thus we can 
write : 

Angular Momentum of a body lo 

—: Moment of Inertia x Angular Velocity. 


The unit of moment of inertia in the C.G.S. system is gram xem.” 
and its dimension is [ML*]. If M be the mass of the body, then we 
can write of mr? —MK?, where k has the dimension of a length. 
The value of k depends upon the shape and the position of the axis 
of rotátion and is called the. radius of gyration of the body about the 
given axis of rotation. For evaluation of moment of inertia in cases 
of regularly shaped. bodies reference is made to the Supplementary 
Appendix C to Intermediate Physics. 
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© 44.» Parallel Forces—Forces, whose lines of action are parallel, 
ate termed parallel-forces. . Two parallel forces acting along the same 
direction vare said to belike, while two parallel forces acting in 
opposite parallel directions vare termed (anti-parallel) unlike. parallel 
forces 1s 3 i 


. Two Like Parallel Fore:s.—Let p and g be two like parallel forces 
acting, at two. points A and B of a body (Fig. 65). Since these two 
parallel forces: act along the. same direction their resultant is evi- 
dently p4-q.. To find the point of application of the resultant, we 
can make the following construction. Join A and B by a straight 
linę., Impose. two equal and opposite forces ‘s` at A and B. These 
two equal forces will not disturb the action on the body. Now 
compound force p=BD with force s=BE; their resultant is BF. 
Again compound force g=AC with s=AG and get the resultant AH. 


‘Now produce HA and FB backwards to meet at a point P. Then 
P is the point where there is a combination of four forces; p and q 
acting along PO drawn parallel to BD or AC, also forces ss acting in 
ópposite directions, Hence PO is the direction of the resultant 


1 | Fig. 66! Fig. 67 


meeting ABatO. IFOR of length p+q is drawn parallel to any one 
force, then OR is the resultant and O is the point of application. To 
find the position of O, we see that from similar As, HCA and AOP, . 


PO 4. 

AO CH s 
* Also, from similar A? BOP and FDB, 
n POE use 

OB DE s 


4" PO- A0 op, ? whence AOx4-BOxp or, ^9 
s s q 


X So'the point O divides AB internally in two arms or segments. in 
he inverse ratio of two respective forces. : 
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Two Unlike Parallel Forces.—Here p=AC and 4-—BD (fig. 67). 
As before impose two equal and opposite forces s and find the 
resultants. These two resultants. AH and FB meet.at P.. At P then 
there are two equal and opposite forces s s and two unequal forces 
p and q acting along OP drawn parallel to any forcep or q. If p is 
greater than qg, then the resultant is p—4. To find the point of 
application O, it can be shown from similarity of triangles, that 

OP OA OP OB . es p OB 

DU and also pP siti pxOA=qxOB or, 2A 

So the line BA is produced externally at a point A, so that this 
point divides BA externally into two arms or segments in inverse 
ratio of the forces. The resultant is the difference of the two, forces 
p and q. 


444. Couple—Two unlike parallel forces of equal magnitude cons- 
titute what is called a couple (Fig. 68). ..The effect.of a couple upon a 
body is to rotate it and the rotational tendency depends on (i) the 
magnitude of the forces constituting the couple and (i7) the perpendi- 
cular distance between the two forces. The perpendicular distance 
is called the arm of the couple. ! 


Hence the moment of a couple is mea- 
sured by the product of one of the forces 
forming the couple and the perpendicular 
distance between their lines of action. 
The moment of a couple is also called the 
Torque which is a vector, The moment of 
à couple in the anti-clockwise direction is 
taken as positive, and that in the clockwise. - 
direction as negative. A couple can be 
balanced by another couple when they 
act in the same plane or'in parallel 
planes and when the moment of one is 
equal and opposite to that of the other. 


- *45. Application of Newton's Laws 
Newton’s laws of motion can be applied to 
The laws may be stated thus.— f 

I. Everybody continues in its state of rest or of ujen i. vt A 
motion about an axis through its centre of mass, exco 2046 state 
is compelied by some external impressed torque to chang ; 
i. ortional to 
Il. The rate of change of angular momentum is prop 
the applied torque 2 takes place in the same direction of rotation in 
Which the torque acts. T M 
IL To every rotational action there is an equal and opposite 


reaction. c. p 
terial body of a 

E ion—The first law states that à ma 
dei tenes volume cannot of itself change its state of rest ot 


in Circular Motion— 
bodies in circular motion, 
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of uniform circular motion; 1f'it is found t6 revolve, its speed of 
revolution persists. But if the speed of revolution is found to 
change, its mass, shape and volume remaining constant, then it must 
have been due to an external torque acting upon it. Illustration of 
this law is obtained in continuous and uniform rotational motion of 
heavenly bodies. The speed of diurnal revolution of the earth will 
remain the same at all times until or unless an external torque acts 
upon it. j 

The.second law gives a quantitative definition of a torque or the 
turning effect of a couple. If | be the moment of inertia of a body 
with reference to its axis of rotation and o be its angular velocity, 
then the angular momentum of the body is measured by the product 
of the moment of inertia and angular velocity. Thus the angular 
momentum is I o. - 


Let a body having an initial angular velocity œ, be acted upon 
à torque T for t seconds and let its final angular velocity be o,. 
hen the change of angular momentum in t secs.—1o, —1o,. 


4C the rate of change of angular momentum 
smio, AI =I<, where &—the angular acceleration 
of the body. 


Thus when a is a constant to be suitably chosen then by the 
Second Law, I4 e T, or, l'—al«. ^»... (45, 1) 


Now unit torque is now defined to be that which produces a unit 
angular acceleration upon a body possessing unit moment of inertia. 


id An of this definition, the constant a becomes unity.* Hence 


Conservation of Angular Momentum; Third Law illustrates 
the principle of conservation of angular momentum. Thus, if a 
revolving body of angular momentum l,o, be coupled with another 
revolving body of angular momentum l,o, the total angular 
momenta of the system, which is the sum of the two angular 
momenta, ie, [| o,-r130, remains the same in any particular 
direction of rotation, 


^^ Example 


A fly-wieel, having a moment of inertia of 100 lb. ft? and revolving at the rate 
of 400 r. p. m. is stopped bya brake in course of 5seconds. Find the controlling 
os. Calculate t e force of friction on t.e brake when it is plaeed on the rim 
of the fly-wheel, having a radius of 6 inches 


* If instantaneous angular velocity w be represented by z tken the angular 
acceleration at the end of interval £ is de - 4149) dig =. Then we get torque 
dt ardt de® 


T=! ae + This is an well known equation in Dynamics. 


j 
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Ans. The initial speed=400 revolutions per minute - 29 revolutions per 


second=n, say. 
+, tue initial angular velocity =2en=2* 2000 a6 radian/sec. 
Now the final angular velocity=0 and the duration of interval t=5 secs, 
*. the angular acceleration 4 - 48-837 radians per sec. per sec. 


Tous torque T=100x 837—837 foot-poundals. 
Again, force=torque~+ perpendicular distance =5°7. —1674 poundals, 


46. Uniform Motion in a Circle—Imagine a material particle to 
be moving uniformly in a circular path. At any, point in its path the 
particle owing to its inertia has a tendency to move along the direc- 
tion of the tangent at that point. For example, at the points A, B, [e^ 
and D in its path of motion, it possesses tangential velocities 


represented by AM, BN, CP and DR respectively A i 


(Fig. 69). Illustrations of tangential motion are ‘g 
found in the following cases: Pieces of mud 
sticking to the rims of the wheel of a carriage 
are thrown off tangentially when the wheels rotate P 
rapidly. The effect necessitates the use of mud- 
guards in vehicles. A piece of stone is tied at the 
end ofa string and is whirled round over the — e 
head in a circle by holding the other end, in the Fig. © 
hand. If the string is suddenly released, the stone d 

is found to fly off in a straight line tangential to the circle. Such 
cases illustrate the fact that even if the speed over the circular path 
remains constant, the direction of motion is changing from point, to 
point, Hence there is a continuous change of velocity, as the particle 
moves over the circle. The change of velocity is equivalent to an 
acceleration towards the centre of the circular path. 

Normal Acceleration in a Uniform Circular Motion—Let a particle 
move with uniform speed v along the circumference of a circle of 
radius r and with centre at O. Let the particle describe a small arc 
AB (Fig. 70) in a short interval of time 7. 

At the point A draw a tangent AD representing the direction of 
motion of the particle, Similarly draw another tangent BE at B. 
Let the two tangents meet at C. Cut off two equal lengths CD and 
CE from two tangents and let these represent velocities at A and B. 
Then the change in velocities during the period f, in which the 
particle moves from A to B, is by the triangle of velocities 
represented in magnitude and direction by the side DE. 

Let ZAOB beg. Elementary geometry gives Z AOB= Z DCE. 

From C draw a perpendicular CF on DE. Since A DCE is 
isosceles and perpendicular is dropped from the vertex C, 


LDCF=ZECF= A 
Now DE=2DF=2CD sin DCF=2v sing. 
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-= This value of DE: represents the total change of velociiy as. it 

-  movesfrom A to B. If now we assume that, 
the arc AB grows smaller and smaller until it 
becomes a very small arc at A, the value of DE 
would then represent the change in velocity at 
A... Now as the arc becomes smaller, 0 also 
assumes a smaller value and for an infinitely 
smiallarc,sin @=6 in circular measure. Thus 


the change in velocity at A—2v sing = arg=v0 


: ET 1 
Thus the acceleration at A js Change in velocity 210 eror. (46,1) 


time ar 
where o is the angular velocity of the particle. 
Again, ZADF=180°—ZDFC~ ZDCF=90°—§. 2 (46,2) 


When we consider the acceleration ov over a very short segment 
about A, '0 becomes infinitely small, / ADF from equ (46,2) is very 
approximately 90°. This means that the direction of acceleration 
sensibly coincides with AO. Hence the acceleration of the particle at 
any point in its path is towards the centre of rotation. This is called 
normal acceleration, Now since v—or, the 


2 
normal acceleration ove zy +++ (46,3) 


47. Centripetal Force—Whenever there is an acceleration of a 
body in a certain direction, it; must. be assumed from Newton’s 
Second Law that a force acts on the body in that direction. . Hence, 
a force must be acting on the body in a direction towards the centre 
of the path of motion to generate its normal acceleration. The force, 
which acting on a body in a direction towards the centre of the circle 
makes it move in the circular path, is known as the centripetal force 
(Lat, peto, to seek), because the force always seeks or acts towards 
the centre. If the body be of mass m, the magnitude of the centripetal 
force is then its mass X acceleration, which is mv?/r. In the experiment 
with thestone and tle string this force is exerted by the hand, 
placed at the centre of rotation on the revolving body, through the 
string in form of tension towards the centre (Fig. 71). 

It is to be carefully borne in mind that in all cases where a 
material body revolves in a circular path. the centripetal force is 
always to be supplied to the revolving body in a direction towards 
the centre. The active force may be any one of the following types, 
namely,—mechanical tension or thrust, 
gravitational attraction, electric’ or 
magnetic force. 

Since every action has an equal and 
opposite reaction, the particle moving 
uniformly in a circle exeits a force, 
directed away from the centre which 
is called the centrifugal furce (Lat., fugio, to fly). The force is 
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exerted by the rotating body at the centre of the circular path. In the 
experiment ofthe stone and the string, this force is exerted by the 
stone on the finger at O through the string, whereby the string is put 
under tension. It is to be noted that the centrifugal force is a reaction 
due to the centripetal force. With the stoppage of rotation, the centri- 
petal force vanishes and so the centrifugal force at once cases to act. 
and so the centrifugal force is sometimes called a pseudo force. 
The unit and dimension of a centrifugal force are similar to those of 


an ordinary force. 

à On simple assumptions of a tangential uniform speed and a normal acceleration, 
the result of a circular trajectory can be established in the following manner. Let 
35 be the short length of an arc passed over by the point mass in a time $f, 

ls \2 
re) 
Where r is the instantaneous distance from the attracting origin, Due to normal 
attraction in a short interval af it tends to move towards the origin through a small 
distance ôr given by dynamical equation, 


3 : 2 
The velocity v=% and normal acceleration = = =f= 


ar=0+} fin at? also b= 38 


Lay as? d anl, (dx?+dy?) i p 
er iv 6s' 57 (dx? 4- dy?) in rectangular co-ordinates, 
or, 2rsr=ox2-+5y? or, by integration 2fror- f 5x*- f oy? 

whence r?—x?--y? representing à circle. 

Examples : 

1. A ball of mass 0'1 Ib. at the end ofa string is wairled at constant speed in a 
horizontal plane. If the radius of the circle is 4ft. and the speed of the ball is 
10 ft, per sec, calculate the magnitude of radical acceleration and tension of 
the string. [C.U.] 

Ans. The tangential velocity y 10 ft./sec. 

2 
+, the normal acceleration="— e ft./sec. —25 ft./sec,2 , 


2 

The tension of the spring= 7-01 x25 poundals=2°5 pound als, 

2. A bucket containing water is tied to one end of a rope 8 ft. long and 
rotated about tne other end in. à vertical circle, Find the minimum number of 
rotations per minute in order that water in the bucket may not spill. 

(g 32 ft.[sec)?. [Pat, U.J 

Ans. In course of rotation when the bucket is at the topmost position, it has 
its mouth downwards and water has a chance to spill; but if the weight of water 
be equal to the centripetal force necessary for rotation, there would be no 
resultant force on water and it would not spill. If m be the mass of water, then 
mx3iemx8xw?-mx8x4r*m*, when n=frequency of rotation per second ; 
whence 7?n?—1, or, n=} per sec. = 3774 Per min.=19'05 rotations per minute. 

48. Some Practical Illustrations of Centripetal Forces—The 
following are a few cases of equilibrium in circular motion : 

Motion of Planets—It is well-known that the planets revolve round 
the sun in definite orbits. For simplicity, let us assume that the orbit 
is circular and that the sun forming the central mass is fixed in space. 
Let the mass of the sun be M, and that of a planet be m revolving 
with a constant speed v in a circular orbit of radius r. , 

In order that the planet may execute uniform motion on a circle. 


Pt.1/G—5 
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centripetal force mv?/r must have to act on the planet in a direction 
towards the sun which means that the sun has got to attract the planet 
with such an amount of force. An investigation regarding the origin 
of this force led Newton to discover the universal law of gravitation, 
according to which there is mutual force of attraction between the 
sun and the planet, the force being Gx Mm/r? (Chap. IV), where G 
isa constant. This force is equal to the centripetal force my? |r acting 
on the planet. Y duane c 
. GMm m? PAn Edr E E rtm 

Lh n , whence M ma G Gk 
where is the angular velocity of the planet. The angular velocity of 
a planet can be measured by astronomical observations. Thus know- 
ing r and G, the mass of the sun can be calculated. The illustration 
given above is one in which the centripetal force is of gravitational 
origin. 

The picture of an atom is almost a miniature solar system. With- 
in an atom minute electrically charged particles, known as electrons, 
keep continuously revolving round a central positively charged body 
known as nucleus. In such cases the centripetal force of attraction 
supplied to the revolving electrons is of electrical origin. 

‘All the above cases are illustrations of dynamic equilibrium ; the 
system asa whole does not change its configuration due to motion 
within it. Ifthe motion stops, there is no centripetal force acting on 
the revolving body and the dynamic equilibrium is lost, The revolving 
body, therefore comes directly to the central mass due to the mutual 
attractive force. 

Some very instructive conclusions may be derived from the kind 
of equilibrium stated above. If the body while rotating in a circular 
orbit, experiences an attracting force towards the centre greater than 
that required to keep it revolving in the particular orbit, the equili- 
brium would be lost and the body would be urged toward the centre 
with a force equal to the difference of the attracting force and the 
centripetal force in that orbit. The revolving body, therefore, having a 
constant tangential velocity throughout would come nearer the central 
mass in a path of gradually decreasing radius somewhat like a spiral. 
But during this process of advance as the distance 7 diminishes, the 
centripetal force mv?/r gradually increases. Ultimately when this 
force is again equal to the attracting force, a fresh equilibrium sets up 
and the body continues to revolve in a circular orbit. Therefore, an 
increase in the force of attraction would make the body revolve in a 
circular orbit of a smaller radius, whilea decrease of force would 
make it move in an orbit of a larger radius. 

Bodies on the Surface of the Earth—Let m be the mass of a body 
at any point on the equatorial region P on the surface of the earth. 
Let M be the mass of the earth and let r be its radius in this plane 
(Fig. 72). Let the attractive force on the body exerted by the earth 
be w, when both are supposed to be rest. This is the true weight of 
the body at that locality. But as the earth revolves on its axis the 
body shares an equal motion with it ina circular orbit of radius 
with a speed v, say. ( iy 


.. (48, 1) 
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In order that m may revolve in a circular orbit, a centripetal force 
of magnitude my?/r would have to act on m towards the centre. 
There being no other force present, this force 
is derived from the attractive force w. Thus 
the apparent weight w’ of the body on the 
equatorial section of the revolving earth is 


2 : 1 
ve Therefore the loss in true weight of 


SS 


m depends upon the speed of rotation of m 
which in turn depends upon the geographical 
latitude of the locality. It may be argued 
from a mathematical standpoint that this reduc- 
tion is due to a force my*/r always acting on m j 
opposite to the direction of w, due to its circular Fig. 72 
motion. But this is not actually true from the physical point of view. 

For a discussion of apparent weight of the body ata region other 
than equatorial surface, the reader is referred to Art. 54, Chap. IV. 
If the body is placed at any higher latitude such as R, the body 
revolves round a smaller circle ; and consequently the tangential 
velocity, to which it is subjected, is smaller. Hence the part of the 
true gravitational force contribution to the centripetal force becomes 
less. At the poles this centripetal force vanishes and there is no 
reduction in the weight of the body. 


Motion of a Cyclist on a Circular Path—A cyclist while taking a 
bend along a circular path automatically leans his body out of the 
vertical towards the centre of the circular path. Ifthe cycle and the 
rider be taken as one body of mass m, their weight mg acts vertically 
downwards (Fig, 73) through the centre of gravity C (described later) 
of the system. Let mg be equal to a length CD. The only other force 
is the reaction R of the ground whose line of action passes through 
the track G of the wheels and centre of gravity of the system, Let 
the reactive force R be CA and mg be AB. 
The resultant of these two forces, which 
is CB in direction and magnitude, is the 
necessary centripetal force generated, 
For simplicity, we can also assume 
that the ground reaction can be resolved 
into two components; one, acting verti- 
cally upwards and the other acting hoti- 
zontally towards the centre of curvature 
of the circular track. The vertical com- 
ponent balances the weight of the system 
and the horizontal component gives the 
necessary centripetal force to the system 
to revolve in the circular path. , 


Thus the greater is the speed or 
curvature of the path, the greater is the 
centripetal force and the further the 


Fig. 73 
~ cyclist is to incline himself. If he leans too much the ground reaction 
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may not be sufficient and there will be a side slip. Similarly, in a 
circus show when a horse is running along a circular path, both the 
horse and the rider are to incline their bodies inwards. If R be the 
ground reaction and 6 the inclination of the cyclist to the vertical, then 


2 
R sin o= and R cos 0—mg 


whence tan pÈ we (48,1) 


Banking of Tracks—The level ata bend on a railroad or in a 
racing track for motor car is constructed a bit inclined, so that the 
outer rail is a little higher than the inner one. The line HL is the 
level of a railway track at an inclination 0 with the horizontal plane 
HH (Fig. 74a). The reaction R of the rail on the wheel may be 


resolved into a vertical component DB and a horizontal component 
AD (Fig. 74b). The verti- 


cal component supports 

E the weight mg of the car- 
riage, while the horizon- 

* tal component supplies 
the necessary centripetal 

4||m$ force mv?/r. There is 
always a caution for maxi 
mum speed limit at every 
bend of a railway track. 
Ifa small can filled 
with water is rapidly 


AD 
zw* swung in vertical circle, 

the water will not fall 

(a) i (b) down, even when the 
Fig. 74 bottom is at the upper- 


most position. In the laboratory, fine crystals in a liquid are collected 
by putting the liquid into a pair of test tubes held in a suitable 
frame. As the frame is rotated rapidly, the test tubes revolve quickly 
and the solid particles tendind to fly away collect at the bottom of 
thetesttubes. This principle is utilized in an apparatus known as a 
centrifuge. 


A very simple apparatus for demon- 
strating centrifugal force consists of a 
uniform highly polished rod R of round 
cross-section placed horizontally being 
fixed by two cross-bars at its ends (Fig. 

- 75). Two metal balls M; and Mg having 
diametrical holes can slide over the rod 
with very small friction. The rod is fitted 
to a vertical shaft S fixed to a turn table. 
The balls are brought to the central - Fig. 75 
position of the rod. If now the 
frame is rapidly rotated the balls would move away in diametrically 
opposite ends of the rod due to centrifugal forces. 
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Flattening of the Earth at the Poles—The earth in its infancy 
consisted of a mass of molten matter. As the earth continued to 
revolve about its axis, every portion of matter composing the earth 
revolved—the tangential velocity in rotation gradually increasing 
from the poles to the equator. We know that centripetal force 
necessary for rotation is greatest at the equator and is zero at the 
poles. The necessary centripetal force could not be supplied by 
gravitational and other forces of attraction at the equatorial region 


cas 

s 
Fig. 76 Fig. 77 Fig. 78 
at the semi-solid state, and as a result that portion of matter in 
tending to move away tangentially selected a greater distance from 
the polar axis, such that the reduced centripetal force could be equal 
to the resultant attractive forces. Here a fresh equilibrium was set up. 
Consequently, the earth became bulged at the equator taking more 
matter from polar end, which flattened the poles. The outer layers 
of the earth, due to gradual cooling have become solidified in course 
of time and have taken permanent flattened shape. 

The model, as shown in Figure 76, shows the nature of flattening 
of the earth due to rotation. It consists of a central rod SS and a cir- 
cular hoop with some pieces of thin strips I attached to it. The hoop 
is fixed at the bottom and at the top it is attached to a collar C, which 
can slide up and down the rod. When put into rapid rotation, each 
particle of the strip tries to move outwards, as a result of which the 
collar slides down the rod. The extent of the sliding depends on the 


elasticity of the spring and the speed of rotation, Thus the hoop 
takes a form flattened at the ends and bulged in the middle (Fig. 77). 


Speed Governor—This is a device which is based on the principle 
of circular motion and is used to regulate automatically the maximum 
speed of an engine. It consists of a vertical central spindle S, at 
the top of which two other rods RR carrying balls BB are hinged 
(Fig. 78). Each ball is partially supported by a rod T resting upon a 
collar C regulating a safety valve of the engine (not shown in the: 
diagram). The weight of the balls supplies necessary thrust on the 
rods to close the valve. As the speed of the engine increases, the 
vertical rod being geared with it revolves more and more speedily. 
The balls also revolve about the rod as axis. The horizontal 
component of the thrust on the oblique rods resting upon the valve. 
supplies the necessary centripetal force for the circular motion of 
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the balls. When the speed increases to such a limit that this thrust is 
insufficient to keep the balls revolving in the particular orbit, the 
balls go farther apart, raising the collar and thereby opening the 
valve partially. The gas pressure is thus partly released and the 
speed of the engine diminishes. Such automatic governor are also 
fitted with the revolving system of gramophone or casset turn tables. 


Examples : ; 
1. Supposing the sun to be a star fixed in space, calculate its mass in tons, 


if the earth revolves round it in a circular orblt of radis 93 109 miles in a period 
of 365 days. [Given gravitational constant G— 1:066: 107? F. P. S. unit.] 


2r 
365 x 24x 60 x 60 


Let M be mass of the sun and m be the mass ofthe earth, If r be the 
distance between them, then the force of gravitational attraction is 


Mi 
G. = 


Ans. Angular velocity of earth w= ='2x 10-6 radian/sec. 


—;- The centripetal force necessary for the earth for its orbital motion is 


2 2,8 $i ^ 
P and since v— or, M=" Substituting these values, 


i e wers 04x 10712 x 935 x 1018-452803 
e mass of the sun M TG 1066x109 
=4443 x 1027 Ibs.— 1:9» 1027 tons. 


Ibs, 


2. Calculate the inclination of a railway track at a bend of radius of curvature 


of 1000 ft. when the speed limit at the bend is assigned to be 45 miles per hour. 
[Given g=32 F.P.S. units.] 


Now 45 miles/hour— 66 ft./sec. 
. Ans, We havetang- "09" — —:136 (approx), 


Hence 9—tan-1*136—7*48' approximately (from tangent table). 


EXERCISES ON CHAPTER III 


1. State and explain the Laws of Motion. 
W.B. H. $.—1971, 72; Dac. U. ; U. P. B. ; Pat. U.; Del. H. S. ) 


2. A 10 gm. bullet is shot froma 5 kg. gun with a speed of 400 metres per 
second. What is the backward speed of the gun ? Ans. 80cm. per sec 


3. A force of 100 dynes acts on a mass of 10 gm, for 5sec. Calculate the 
; change of momentum of the body. Ans. 500C.G.S. (Del U.; P.U.) 


4. A constant force acts for 3 seconds on a mass of 16 Ib. initially at rest and 
then ceasesto act. During next 3 seconds the body describes 81 ft. Find the 
magnitude of force in poundals. (Dac U.) Ans. 144 poundals. 


5. A motor car of mass 400 Ib. is moving with a velocity of 30 miles per hour. 
By the application of brakes it is brought to rest in a distance of 10 ft. Find the 
average force resisting the motion, Ans. 38720 poundals. 
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6. State Newton's Second Law of Motion and show that P=mf. Define a 
unit of force. (Dac. U.; W.B.H.S.—1969 ; Nag. U. ; Vis. U.: Pat: U. y P.U) 

7. State Newton's Third Law of Motion and explain it carefully. Show how 
this leads to the principle of conservatiou of momentum. 


(W.B.H.S—1980 ; C. U. ; Pat. U.) 


8. An one ounce rifle bullet leaves the rifle with a velocity of 100 ft. per 
second, the rifle tending to recoil with a velocity of 2 ft. per second. Find the 
mass of the rifle. Explain the principle employed. Ans. 3125 lbs. 

9. Define impulsive force and explain how the impulse of an impulsive force 
is measured. (Nag. U.; Utkal U.) 

10. Show that two spheres on collision will interchange their. velocities, if they 
are of equal mass and are perfectly elastic. (Utkal U. ; Pat. U.) 
11. Four forces act ata point. The first is of 500 dynes acting due south, the 
second of 50 dynes acting due to west, the third of 400 dynes due north and the 
fourth of 100 dynes acting due east. What are the magnitude and direction of the 
resultant force ? Ans. 112 dynes ina direction 60°26’ S: of E. 


12. Three forces in equilibrium act perpendicularly to the sides of a triangle 
ABC. Show that the forces are proportional to sin A, sin B and sin C. (And.U.) 

13; Define ‘moment of inertia’ and explain its physical significance. 

A disc and a block start from rest from the top of an inclined:plane. The disc 
rolls down, while the block slides down the same distance without friction. 
Compare their terminal velocities. (Poo. U.) 

14. Auniform bar AB is 4ft. long and has weights of !0 lb. and 201b., 
hanging at 1 ft. and 3 ft. from the end A. If it balances at a point 1 ft. 9 in, from 
the end B, what is the weight of a bar ? (P.U.) Ans. 101b. 

15. A stone weighing 200 gm. is whirled round in a horizontal circle at the 
end of a string 60 cm. long with a speed of 150 revolutirns per minute. Calculate 
the tension in the string. (P.U.) Ans, 2°96 x 10% dynes. 


16. A body of mass 77 gm . travels in a circular path of radius 70 cm, with a 
uniform speed of 23 cm. per sec. What is the force that must act on the body to 


maintain the motion ? Ans. 581°9 dynes. 
17. What are the centripetal and centrifugal forces and what are their relations 
with a body moving on a circular orbit ? (Del.H. $.; Del. U.; P.U; 


Pat.U.; CalU.; And.U) 


18. A stone weighing 6 Ib, is rotated in a circle of radius 1 yd, with a speed 
of 10 ft/sec Calculate the centripetal force in pounds weight. (P. U.) 

Ans. 625 \bs.-wt. 

19. (n) State Newton's Second lawof Motion. Show how this law will give 
ds a unit of force when the unit of mass is 1 kg. and the unit of acceleration is 
1 m/sec. What is the name of this unit of force ? 

Ans. 1 newton, (W. B. H. S.—1978) 

(b) Explain what are meant by centripetal and centrifugal forces ? Find an 
expression for centripetal force. 

A cyclist is moving on à circalar path of 20 m. radius at a speed of 18 km/hour. 
What is his inclination to the vertical. Ans. —1an-10:13 (W. B. H. S.—1978) 

20. (a) Why is centripetal «force called a real force and centrifugal force is 
called a pseudo force. Briefly explain. 

(b) How is the weight of a body affected when it is placed on equitorial plane 
of the earth ? 

(c) A body of mass 70 gm. tied wita a string of length 20 cm. is rotated with 


d with an angular frequency of 10 times per sec. Calculate the centripetal 
as Y ae ni) Ans. 56«210* dynes (W. B. H. S.—1980) 
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21. Why is a centripetal force necessary to rotate a body in a uniform circular 
motion ? 


Show that wken a cyclistis going round a curved path of radius r witha 
uniform speed v, his bcdy must be inclined tke vertical by an ange 6 where 
tan 6—v?|rg, g being tke acceleration due to gravity. (W. B. H. $.—1982) 


22. A stone of mass 200 gm. is tied to a thin string of length 50 cm. and is 
whirled in a horizontal circle with its centre fixed. It is found to execute 5 rounds 
in every 2 seconds. Find tke normal acceleration and tke tension of the string. 


Ans. 123375 cm.[sec.? ; 2467:5x 10? dynes. 


23. A railway track has its centre of gravity at a Leight of 3 ft. above the rails, 
which are 4 ft. apart. What would be tte maximum safe speed at which it could 
travel round an unbanked curve of radius 108 ft. ? (Gau. U.) Ans. 48 ft./sec. 


24. A motor racing track is in the form of a circle of diameter 400 yards and 
is banked, so that tke reaction between tke wheels and tke ground is normal to the 
track when the cars are travelling at 60 miles an hour. What is the slope of the 
track? Ifa car is of mass of 1 ton, what is the centrifugal force on it, when going 
round this track at 60 miles per hour ? Ans. tan-*403 ; 2:89 x 10* poundals. 


25. A cyclist riding at a speed of 15 miles and tour takes a turn round a 
circular bend of radius 44 ft. What is tke inclination to the vertical? 
(g=32 ft.[sec.?) * (Pat. U.) Ans. tanti. 


26. Calculate tke angle which tke bicycle and its rider must take with the 
vertical when going round a curve of 22 ft. radius at 10 miles an hour. What is 
the least value of the coefficient of friction between the tyres and the road which 
will prevent slipping? Ifthe bicycle and tke rider have a mass of 200 Ib. what 
frictional force must be ground exert on the wheels? (Gau. U.) 


Ans, tan-d$, 614 Ib. 


CHAPTER IV 
GRAVITATION AND GRAVITY 


49. Science in Ancient India—During the period from the second 
century to the twelfth century A. D. there was a marked progress in 
India of the observational astronomy and its allied calculations. 
Although there is no systematic record of the observational data, the 
results of the calculations reveal thatthe people of ancient India 
were very advanced in Astronomy, Medicine and Mathematics. 


Of those who came to the forefront in Astronomy, the names of 
Aryya Bhatta, Brahma Gupta and Bhaskar Acharyya are the most 
prominent. Aryya Bhatta, a Hindu astronomer, observed in his 
Tantra sometime inthe fifth century A. D. that the planet revolve 
round the sun in elliptic orbits. He calculated the periods of revolu- 
tions of the planet such as Mercury, Earth, Mars, Jupiter and Saturn. 
His results have been found very nearly correct by modern astrono- 
mers. He also discovered that that earth is round and -that the day 
and night effect on the earth are the due to its diurnal motion. His 
findings were later on verified by telescopic observations by Kepler 
early in 17th century. 


eee 
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The great exponent of Hindus astronomy, Bhaskar Acharya, 
flourished during the 12th century. He compilei one book ‘Siddhanta. 
Shiromani’, which deals with various aspects of Astronomy and 
Mathematics. Here he calculates the possible height of the atmosphere 
which came out to be about 12 jojans (about 55 miles). The most 
astounding of all is his diecovery of gravity and gravitation, which 
explains in following lines.* 


“Whenever an object appears to fall to the earth, it is due to the 
attraction of the earth on it. It is this mutual attraction between 
heavenly bodies which does not allow any one to leave its respective 
position or orbit." This was subsequently independently discovered 
by Newton in the later part of the 17th century. 


Such was the ancient glory of India, which faded gradually from 
the 13th century and became nearly extinct within the next four 
hundred years. This dwindling of scientific culture was due to lack 
of the support of the State and co-rodinate enterpises to establish 
schools of thought. 


50. Law of Gravitation—Johaan Kepler (1571-1630) after a 
continuous study of the motion of planets round the sun, came the 
conclusion that the orbit of the planets is not circular but is slightly 
elliptical with the sun at the focus. He formulated the laws of plane- 
tory motion. Newton in an attempt to explain the laws discovered 
the Universal Law of Gravitation in 1666, as stated below : 


Every particle of matter in the universe attracts every other particle 
at any distance along the line joining them, with a force which 
varies directly as the product of » m 
their masses and inversely as the B------- e e 
square of the distance between wr 
them. Fig. 79 


If F be the force of gravitational attraction between two bodies of 
masses m and m’ placed at a distance r from each other (Fig. 79), 


then Focmm' ; also Feb. 
: mm gag un Reap (50.1 
n Fo, or, F-G-- (50, 1) 


where G is called the gravitational constant, which is independent of 
the nature of bodies. If we consider two bodies each of unit mass 
and placed at a unit distance apart, the force of attraction between 
these bodies would obey the inverse square law. Then according to 
equ. (50,1), if m-m' —1 and also r—1, then G—F in magnitude. 


apie wt fea Fel dun ad d weg Te Cae ANAT | 
argera aq vada mfa AH AAT d qaaa 8 
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In other words, the gravitational constant G is numerically aqual 
to the force of attraction between two bodies, each of unit mass and 
placed atthe unit distance apart. The gravitational constant has 
been experimentally measured by Cavendish, Boys and others. The 
determination has been later on carried to a still higher degree preci- 
sion by Heyl. The present accepted value of G is 66576x10-* 
C.G.S. unit: This means that a body of mass 1 gram placed ata 
distance of 1 cm. from another body of mass 1 gram will attract each 
other with a force of 6*6576 x 107* dyne. 


*51. Determination of Gravitational Constant—The first direct 
determination of G was made by Henry Cavendish(1731-1810)in 1798, 
"The apparatus consisted of a thin and light rod R of length of about8 
ft. from the ends of which two small identical lead ball bb, two inches 
in diameter, were suspended (Fig. 80). The rod was also suspended 
by a torsion wire FC from 
asupport. Two large lead 
balls BB each 12 inches in 
diameter, could be placed 
on opposite sides of the 
smaller balls at equal dis- 
tance, so thatthe centres 
of all the balls were on a 
horizontal plane. When 
the bigger balls were so 
placed as shown in the 
figure, each smaller ball 
: was attracted by the nearer 

Fig: 80 bigger ball due to gravita- 
tonal pull in horizontal direction joining the centres of the respective 
alls. 

The principle of measurement is as follows : The bigger balls are 
at first placed far away so as not to effect the smaller ones and the 
position of the suspended rod is read with reference-to the scales S 
attached to a yernier scale. Then the large balls are placed in posi- 
tion at equal distances from the corresponding small balls. Due to 
the attraction on the two small balls, a couple is exerted on the rod 
and this couple moves the rod through a small angle twisting the sus- 
pension wire. The angle of rotation can ‘be meaiured by knowing the 
length of the rod and the amount of its movement on the scale S. 


Ifd bethe distance between the centres of a large ball and the 
corresponding smaller one, and M and m the masses of the ball, the | 
attracting force at each end of the rod is SM The two equal, 
parallel and oppositely directed forces constitute the deflecting couple 
on the rod whose moment is SM y, where / represents the length 
ofthe rod. If the rod is deflected through an angle 6, then the res- 
toring torque due to twisting of the wire is Cø, where C is the torque 
per unit twist. Thus for equilibrium, 
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Mml* 
Thus, knowing all the terms on the right-hand side of the equa- 
tion, the value of G may be found. 
The value of the torque per unit twist C is found by giving a 


small oscillation of the rod when the balls are removed and counting 
the period of oscillation. If T be the period of oscillation, I is the 


GV?! Ce, whence ga CM tet 


moment of inertia of the rod, then Tote o 


Examples : 

1. In one of Cavendish experimonts each of the larger lead balls had a-mass of 
30 kgm. and was placed 40 cm. from the corresponding small ball, each of mass 
200 gm. The length ofthe suspension rod was 3 metres, The deflection on the 
scale was found to be 1-5 mm, If the restoring torque of the suspension fibre be 
75 dynes per radian, calculate the gravitational constant. 

Ans. Ifo be the angular deflection of the suspension rod, then by the condition 


" i linear deflection of one end — 15 

of the «xperiments tan (e meat CONC On Or One a 10 S. 
mS Rees rr half the length cf the rod ^ 150 

The value being so small, tan 0=0=10- radian. 


Then by (51, 1) we have 
Cod? .— 7$x10-9x40».  75x16x10-t.. a i 
O 9 IX 10 ee R a 
2. Calculate the gravitational force in poundals between two masses, each 
J lb., placed 1 foot apart, given that G=66576x 10-8 C. G. S. Two persons, 
each of mass 140 lb., are sitting side by side with their centres of mass 2 ft. apart. 
Calculate the gravitational pull between them. 
Ans Ag 1 Ib, =453'59 gm., 1 ft.=30.48 cm., and 1 poundal= 13,825 dynes. 
a 453'59 x 453:59 6:6576 x 1078 | 453:592 
F =6°6576 x 10-8 d — 00910 X 1 X =, poundal 
66516x10-* "rr ag Y= 39g) 3048 PU 
—1:0665x 10-9 poundal, 
Thus, when masses are expressed in lb. and distanee in feet, the value of 
G=1:0665 x 10-9 F. P. S. unit. 
Now m,=mg=140 Ib. and r=2 ft. 


F-10665. 100x 0A poundal= 52 10-9 poundal. 


52. Gravity—Gravitation is a general term indicating the force 
of attraction between any two material bodies. In the particular case, 
the gravitational attraction. betweed the earth and any other body, 
either terrestrial or extra-terrestrial, is called gravity. Due to the 
force of gravity the earth and any terrestrial object on or near the 
surface of the earth attract each other equally, but as the mass of the 
earth is very very large in comparison to the mass ofthe body under 
gravitational force, it is the body which is dragged towards the earth 
by the law of conservation of momentum. This pulling of the body 
towards the earth’s surface is called the vertical fall of the body under 
gravity. Actually the body falls in a direction towards the centre of 
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the earth.* If the mass of the earth be M, the mass of an object on 
or near the surface of the earth be m, and the distance between the 
centres of the earth and of the body be d, 
the force of gravity F-cM? 
It is due to this force of attraction that all bodies possess their 
weights and tend to fall downwards. For a similar reason a plumb: 
line, which consists of a long piece of thread with a bob at one end, 
when suspended, is attracted towards the centre of the earth and 
hangs in a perfectly vertical line. 


Acceleration due to Gravity—We know that a force acting on a 
body produces acceleration on it. So the force of gravity produces 
acceleration on all bodies falling towards the surface of the earth. 


(52, 1) 


From equ. (52, 1) the force of gravity F on a mass m Sm 
". acceleration produced on the masse got OM es (322) 


The acceleration due to gravity is usually represented by the letter 
*g. As Gand M are constants, the value of *g' remains constant, so 
long as d does not change. Remembering that dis the distance 
between the body and the centre of the earth, the value of ‘g’ is cons- 
tant at all equidistant places from the centre of the earth. The value 
of ‘g° at any place can be determined by Atwood's machine or more 
accurately by a pendulum. 


Variation of *g'—It is evident from (52,2) that ‘g’ at one place 
varies inversely as the square of its distance from the centre of the 
earth. Hence the value of ‘g’ depends upon the height above the sea- 
level. But the variation in ‘g’ for ordinary differences in height is 
inappreciable. Again, owing to the fact that the earth is not per- 
fectly round, all points on its surface are not at equal distance from 
its centre ; the equatorial radius is the largest, while the polar radius 
is the shortest. Hence the value of ‘g varies slightly with the 
latitude of the place on the surface of the earth. It is least at the 
equator and gradually increasing becomes maximum at either of the 
poles. This was first verified by Edward Halley, (1656-1742) a British 
astronomer, with a pendulum in 1677, during his voyage from Lon- 
don to St. Helena. The variation over the earth’s surface, however, is 
very small ; the value of ‘g’ at the equator is about 978 cm. per sec.?, 
and that at the poles it is about 983 cm. per sec.?. The mean value of 
‘g’ is taken to be 981 cm. per sec.? or 32°19 feet per sec.? at latitude 
45° and at sea-level, which is accepted as the standard of reference. 


, 53. Weight of a Body—The weight of a body is due to the attrac- 
tive force on the body by the earth. If the mass of the body is increar- 
ed, it is evident from equ. (52,1) that the force of attraction would 
increase, in the same proportion. Hence the weight of a body at a 


* In considering tke gravitational effect of the earth upon bodies lying on 
or outside its surface, the whole mass of tke earth may be supposed to be 
concentrated at its centre. 


^is 
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place is proportional to its mass. Again, force= mass X acceleration : 
so that the weight of W of a body of mass m is given by 
W=mg. E (53,1) 

Mass and Weight—The word ‘weight’ is sometimes loosely used to 
denote mass of a body. But mass of a body is the quantity of matter 
contained in it, while weight is the force with which it is attracted 
towards the centre of the earth. The mass of a body remains constant 
at all places, but with the variation of ‘g’ its weight varies very slightly 
from place to place on the earth's surface. The variation in the weight 
of a body is dealt with elaborately in the next Article. 

Gravitational Unit of Force—This is the force with which a unit 
mass is attracted by the earth and is equal to the weight of a unit 
mass. 

Hence, in the F.P.S. system, the gravitational unit of force 

=the weight of 1 1b.— 1x g—(1x 32:19) or 32:2 poundals. 
In the C.G.S. system, the gravitational unit of force 
=weight of 1 gm.=1xg=(1 X981) or 981 dynes. 

Further, 1 dyne=weight of 1 milligram (nearly) ; 

1 1b, wt.=g poundals. Also 1 gm.wt.—g dynes, or, we can say 
that a gravitational unit of force=g x absolute unit of force. 


So m Ibs. wt.=mg poundals and m gm. wt.=mg dynes. 
i ia =wt of 26 
Again, 1 Poundal = 17 X wt. of 1 tb =wt. of 322 9^ 
—wt. of half an ounce (nearly). 
As the value of ‘g’ varies on the surface of the earth, the gravita- 
tional unit of force is nof constant at all places. 


Exainple : 
A car of mass 1 ton is moving with a speed of 30 miles per hour, A constant 
force of 28 Ib. opposes its motion, Calculate (a) the time required to bring the 


car to rest, and (b) the distance it will travel in stopping. [Mys. U.] 
Ans. Mass of | tone(28x4x20) lb. and a force of 28 lb. i$28x322 
poundals. 
.. retardation f of the car is obtained from the relation P= mf, 
322 


or, 28x322-28x4x20xf, whence fe 320 ft. per sec.?, 

(a) Initial velocity of the car=30 m.p.h.-44 ft. per sec. When at rest, the 
final velocity is clearly zero. 

Hence, 024-2 t, whence f= 1093 seconds, 


(b) If s ft, be the required distance, 08442-2322 xs, 2o $=2405 ft. 


54, Variation in the Weight of a Body—As the weight of a body 
is proportional to 'g it varies from place to place on the surface of 
the earth and at different altitudes. 

(1) Weight of a Body at a Height above the Surface of the Earth 
If—the mean radius of the earth be r and its average density be p the 
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mass M of the earth is equal to the product of its volume and 
density ; That is, M—£zrp. 

Leta mass m be placed ata height above the surface S of the 
earth (Fig. 81). The force of attraction due to gravity on the mass, 
which is the weight of the body, is given by 


Fig. 81 Fig. 82' 


Let the acceleration due to gravity at a height h be g. 
ap = M. 
Then, S G X rx hs (54,2) 


attraction of the moon. « So any body placed there will be weightless 
although having some mass. 

(2) Weight of a Body at a Depth below the Surface of the Earth 
—Take a body of mass m, say to the bottom of a mine at a depth d 
below the surface of the earth (Fig. 82). Letr be the mean radius of 
the earth. _ Imagine a sphere, concentric with the earth, to be drawn 


the other, a hollow outer Shell of thickness h. Then the given body 
inn the surface of this inner Sphere but just inside the hollow outer 
shell. 


hug the gravitational force inside a hollow shell is zero, the force 

of attraction due to this portion of the earth is nil. Hence the force 
PER EUR 9n the given body would be only due to the inner solid 
spher. _ 


} Now the mass of the inner Sphere=4n(r—h)8 p.: 
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/, The force of attraction on m due to the sphere, which is 
also the weight of the body at this region, is given by 


F-Gíz (Proxy Poo men. s (54,4) 


So the acceleration due to gravity g, at a depth /t is given by 
s, E =G (r—h)P. 


Hence the acceleration due to gravity inside the earth varies 
directly as its distance from the centre of the earth. Thus if we go 
farthar and farther inside the earth, the value of g gradually 
decreases. Hence, at the centre of the earth, the acceleration due 
to gravity is zero and there is no weight of a body. 

* (3) Variation in the weight of a body with different Latitudes on the surface 
of the Earth—The weight of a body varies with latitude on the surface of the earth 
for two reasons. 


(i) the peculiarity in the shape of the earth and 
(ii) the rotation of the ea rth about its axis. 


The radius of the earth is the longest at the equator and decreases continuously 
with latitude, becoming least at the poles. Tne polar radius is less than the 
equatorial radius by about 135 miles. Consequently, the force of gravitational 
attraction is the greatest at the poles and least at the equator, and so the weight of 
a mass increases from the equator to the poles in the same proportion. 


Again, owing to the diurnal rotation of the earth about. its axis, everybody 
ön its surface revolves ina circular orbit. Further, we know that for a circular 
motion to take place a centripetal force must have to act on the body. A small 
part of the gravitational force of the earth is utilised in supplying the necessary 
centripetal. force. The former thereby falls short of the required amount. 
Therefore, the observed weight of the body is less than its true weight. 


Due to the diurnal rotation of the earth about its axis, ON 
a point near the pole describes a mugs ME TSEN 
than the one near the equator. Suppose that SEES 
represents the polar axis of the earth (Fig. 83). Since SSeS $ 
rotation of all the parts is completes in one day, a body |o 
at a poi ear thi ator would move on a larger RUNS 

point P near the eq B SENS SENSE 


circle than a body at a point Q near a pole. So the T ASSNNS ONSE 


former would move with a greater linear speed. Hence 
WED 


the centripetal force is the greatest at tke equator and 
zero at the poles. Therefore, the loss of weight due to 
the diurnal rotation ia least at the poles and greatest at 
the equator and so the observed weight of a body is the 
greatest at the poles and least at the equator. Thus, for Fig. 83 
both the causes, the weight of a body increases when g. 
taken from the equator to the poles. 


55. Laws of Falling Bodies—When a body falls freely from rest, 
subject only to the action of gravity, then for all pratical purposes 
(the height not being too large) the acceleration due to gravity may 
be assumed to remain constant throughout the fall. -Then the motion 
is governed by the following simple laws : ‘ 


() In vacuum, all bodies starting from rest fall with equal 
rapidity. © i : 
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(2) The velocity, acquired by a falling body in given time, is 
directly proportional to the time. 


(3) The space traversed by a falling body in a given 
time is directly proportional to the square of time. 
Analysis of the Laws—The first law seems contrary 
to our common observation, as a heavy body appears to 
fall to the ground more quickly than a lighter one when 
dropped from the same height. Galileo (1564-1642) first 
showed in 1589 by dropping balls of different sizes and 
materials from the top of the leaning tower of Pisa that 
they reached the ground practically in the same time. 
He pointed out that the slight observed differences in the 
rate of fall between a light body and a heavy body were 
due to the resistance offered by air. He then argued that 
all bodies would fall the same rate, if the resistance due 
to air could be avoided and stated the laws as above. 
After the invention of the air-pump in 1650, the Jaws 
Fig. 84 were conclusively verified by *Newton in the well-known 
guinea and feather experiment. 


Guinea and Feather Experiment—A glass tube about a metre long 
with a cap screwed at one end and at a stop-cock at the other is taken 
(Fig. 84). A small coin and a piece of paper are introduced into the 
tube. The air is then exhausted from the tube by an air-pump and 
the stop-cock is closed. On suddenly inverting the tube, the coin and 
paper are found to be falling together and reach the other end simul- 
taneously. If air is now re-introduced by opening the stop-cock and 
the tube is inverted the two are found to fall separately, the coin 
reaching earlier. The experiment was originally done with a guinea 
and a piece of feather within the tube and hence the name was derived, 


. From the Second. Law, if v be the velocity acquired in falling in 
time t, then ves, Thus, if the velocity attained in the Ist second 
be », those in the 2nd, 3rd, etc., second are 2v, 3v, etc., respectively. 
The law may be verified by experimenting with Atwood’s Machine or 
Inclined Plane. 

From the Third Law, if a body falls freely through a height A in 
the time f, then hot?, "Thus, if the body falls through a height x ft. 
in the Ist second, the height fallen through in the 2nd, 3rd, etc., 
Seconds are 4x ft, 9x ft.etc., respectively. These laws also follow 
from the Equation of Motion given in Chapter II. 


56. Vertical Motion of Bodies due to Gravity —When a body 
falls vertically downwards, then provided the distance fallen through 
is not ted large, the acceleration ‘g’ due to gravity may be supposed 
orm. 
, Bodies projected downwards—If a bod is projecte 
with an initial velocity u, then os ires icd 
he velocity v after time z is —u-rgt 
and the height h fallen through —ut-- gt? | 


a ee E 1656, 1) 
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If the body starts from rest, then u=0, 
v=gt, i.e., ¥ oc t ait 2nd Law 
and h=$gt?, ie.,hot? — ... 3rd Lan] x; 555,2) 


Bodies projected upwards—Here the acceleration d ity i 
€ ted ug i ueto gravity is 
opposite to the direction of motion and is thus negative. cap cdm 


Hence y —u—gt ) 
. h —ut—igt* 
and yi—ui— gh j OPUS 


When the body reaches the highest point, its velocity is zero. 
-. from equ. (56,3) the time to reach the highest point ; 
u 
is. i ws (56,4) 

The time to reach the ground from the highest point is als 

Therefore, the total time of flight is 2u/g. om e 

If h is the maximum height reached by the body, 

L5) Lud. X 
0—u?—2gh, or, oae we (56,5) 

*57. Verification of Laws of Falling Bodies—The equations of 
motion as given in Art. 56 can be verified by means of an Atwood's 
machine, of which a simpler type has been described in Intermediate 
Practical Physics by J. Chatterjee. A more improved form is shown 
in Figure 85, which consists of a 
stout metal rod fitted vertical y 
to a rigid support. The top of the 
rod carries a pulley P which can 
turn very freely without any 
friction. A specially made paper tape T runs 
over the pulley and carries two equal loads at 
its ends. Small additional loads can be put on 
either load to make it heavier and hence to start 
the motion of the system. A metal reed M 
carrying an inked brush at its end is clamped 
to a crosspiece F. Once swung through a small 
range, this reed alway maintains a fixed period 
of transverse vibration. 

To verify the law for accelerated motion, i.e., 
to show that voct; a small additional load is put 
on m, and the combined load is raised and 
placed upon the clamp C at any suitable height. 
The period of oscillation T of the r is known 
from its specification or may be ‘ound by 
comparing its vibration with that of a standard 
chrono-meter. 

The brush is inked and the reed is made to 
vibrate on the paper tape. The brush moves 
to-and-fro over a line at right angles to the 
Tength of the papertape. Now the clamp C isreleased and mg is found 


Pt, I/G—6 
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to descend, while on the tape a wavy curve as shown in Figure 86 is 
on by the inked brush. Phe curve becomes longer and longer as 
the load mg descends more and more. This shows that the speed 
increases continuously. Each complete curve as that between ‘a’ and 
‘bd’ marks one unit of time, which is here, the time T of vibration of 
` the reed. The tape is taken out and placed on the table. The number 
of such curves from the beginning up to’a certain point is counted. 
Let it’ be n. - The time t from the start. of the load to the termination 
of count is nT. The straight length of a complete wave curve (wave 
length) about any region is measured, which is L say. Then the 
average Velocity v at this region is //T. Take various intervals’ and 
īhe corresponding velocities. It would be found thar in each case, 


ap wT, or, y cc t 


This verifies the second law. 


To verify the law that in an accelerated motion of a body, hæt’, 
he experimental procedure is the same. Measure a length h covering 
a few wavy curves from the start. Count the number of complete 
waves in this length ; let it be m., Then the time to cover 
this distance is nT. Measure a few other lengths and 
count the corresponding times. It would be found that in 
each case that 

heen? T®*, or, h œ 12, 


To measure ‘g’—From the second part of the experi - 
ment itis easy to measure the acceleration of the System. 
We know that for a System starting from rest and moving 
with uniform acceleration, s—ifi?.' Hence the accelera- 
tion f is 2s/t?=2s/(n2T2). If a small additional load put 
upon mM be of mass m, the downward force exerted by 


this load is mg. If the total mass including m,, m and m 
be M: then 


Mf=mg, or, g= M! 


This apparatus may also be used to study the uniform 
motion or even to verify the conservation of momentum 
of two bodies. 


58. A body projected at right angles to a Uniform 
Gravitating Force—The force of gravity at any point near 
the earth acts towards the centre of the earth. If we look 
to the earth as a whole, such forces are radial terminat- 
ingat its centre and are naturally not parallel to each 
other. But if We Consider a space in which ordinary pro- 
jectiles work, the space is so very small when compared to 
the volume of the earth, the force of gravity working in 
this space may be supposed to be parallel. Such a space is 
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g due.to gravity acting vertically downwards (Fig. 87).. We shall 
assume here that the motion of the body is not retarded by air 
friction and that the acceleration due to gravity is uniform through- 
out its range of motion. : 


Let us trace the successive positions of the body under horizontal 
velocity ignoring gravity. Let the horizontal direction be OX. If it 
were moving along OX with a uniform 
velocity u alone, then OP, =P,P.= 
P,P,=u. Next consider the action of the 
gravity alone ignoring horizontal velo- 
city. Let the vertical direction be OY. 
If the body starts from rest at O and 
moves down only with uniform accelera- 
tion g, its positions along OY at' the 
ends of successive seconds would be res- 
pectively at Qi, Qs, Qs, such that OQ, 
—$8X1*, OQ, —3g X2?, OQ,—àg X 3?, 
etc, Hence, due to the two motions 
combined, the actual position of the body 
atthe end of the first second will be 
at R, which is the end of the diagonal 
OR, of the parallelogram OP,R4,Q;. 
Similarly, the actual positions of the body n Fig. 87 
at the ends of successive seconds will 
be at Ra, Rs, etc. Taking the intervals to be very small, the 
actual path of the body will be along the continuous curve 
OR, RRs. 

Now the horizontal distance (x) travelled in time t is given by 

x=ut rej D 
The vertical distance (y) fallen through in the same time is 
y-igt* =H Qo, 
Eliminating t from equs. (1) and (2), y=% x5 we (58,1) 


Since. g and u are constants y oc x? and the relation between y and 
x represents a parabola. 


Infact, the earth is surrounded by a layer of atmospheric air which gets 
lighter and lighter as we go up. The air extends up to a height of 200 to 250 
miles above the earth’s surface. So a projectile, shot near the surface of the 
earth, experiences a retarding force due to air friction. Consequently tke path 
of a projectile shot horizontally is not strictly parabolic. = 


If a projectile be raised up about 500 miles from the surface of the earth 
and then projected horizontally from that position, it moves there without air 
friction. For small horizontal velocities of projections from that position, the 
body will fall to the earth in an approximately parabolic orbit and i's range of 
flight will increase with higher velocities of projection. When the velocity of 
projection is pretty high, about 16000 miles per hour, the projectile will not 
fall to the earth but will move round the earth continuously ina circular orbit, 
(Vide Example 6 following this article). When the velocity of horizontal projection 
isabovethis value, the projectile would revolve round the earth in an elliptical 
orbit, and with speed of projection increasing further, the ellipticity of the orbit 
increases. Ultimately; if the body could be hurled with a velocity of about 


94 H. S. & INTERMEDIATE PHYSICS CHAP- IV 


25000 miles per hour, it "would begin to move in a parabolic orbit never to come 
back to the earth. It is sometimes known as the escape velocity. If the velocity 
of projection be further increased, it might move it a hyperbolic orbit. This is 
the principle of projection of saturn and junik rockets and the latest space-lab 


projected from U.S.A. 

58A. Body projected in any direction—Let a body be projected 
from any point G on. the earth’s 
surface with an initial velocity u iv 
making an angle @ with the hori- ' 
zontal plane BG (Fig. 88). Then 
the resolved parts of u along the 
horizontal and vertical directions 
are u cos 0 and u sin 8 respectively. 
Since the component u sin @ is 
against the gravitational pull, only 
this part is affected during the 
flight of the projectile. The com- 
‘ponent u cos 0 being perpendicular 
‘to the gravitational force, remains 
unaffected. Applying  eqations 
(56,4) and (56,6), and neglecting Fig. 88 
air friction we can show that : = 


Time T to reach the highest point O is=” sin 9 
Also, the maximum height YO(h) reached by the body is 
t? sin*o 
Since the time to reach O fi i : i A. 
a OnE NSn rom G is equal to the time to come 


Total time of flight (2T) is=24 Sin 0. (58,2) 
E e (58, 


Since u cos 0 is the horizontal com i i 
Nuls omponent of velocity, the horizon- 
el Š ; 22 covered by the projectile during its flight is u cos 0x 

i —2u? sin 0 cose u? sin 20 
GB= T MEE. yn (98,.3) 


For given values of u and i i i 
d à d g, the distance GB is maximum 
edu dc that pua ipd whence 0, which is the bes 
) ; becomes 45. Thus for a given initial velocit j 
tile would reach the farthermost- point i i i caivection dada 
“poi ion, i 
pee eben point in a horizontal direction, if the 


To find the path of the projectile in s izontal line X^ 
pace, let a horizont 
be drawn through O and let OY be the vertical line. Let Q a eens 
tion of the projectile after a time ¢ from its start. Draw QL and QN 
-as vertical and horizontal lines from Q and produce LQ to meet X’X 
.at M. If the co-ordinates of Q be (x,y), clearly QN=x and ON=y. 


Now LQ=height attained at time t is=u sin 0x t—igt?, 
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~ 2 cin? 
4 y-ON-OY-QL-/ 27 ^—(usin 9xt—3gt?) 
ds : i 
=5(" E: 0 2u E 9o - £t “in 8, y 
2y (* sin 9. |? 
hence =—{ —— —t 
whence © A y T 

Again, x=QN=GY-GLa" SBE u cos 0x Í— 

u cos o( sin 0 -1), 
i 2 2 2 
Thus; x? =u? cos? fas =i) =u? cos? ox BUB XX 


«aj: (3854) 


The equation in y and x is of the form x? —4ay which is a para- 
bola. Thus the path ofa projectile in a uniform gravitational field 
and free from air resistance is a parabola. 

‘Due to air friction projectiles (such as rifle bullets or canon shells) do not 
strictly follow the parabolic path but strike the earth’s surface much short of the 
expected range. Modern projectiles carrying explosive heads and being propelled 
by rocket power rise high up so as to encounter very little air friction and move 
in an almost parabolic orbit. A class of such projectiles, known as Inter- 
continental Ballistic Missile, can be so projected as to cover a distance on the 
earth's surface of 4000 to 5000 miles. 

Examples : 

.l. A stone is dropped from a tower with no initial velocity. It is observed to 
strike the ground after 3:5 seconds. Find the velocity of impact and the height of 
the tower. [Given g=32F. P. S] 

Ans, Here u=0, g=32 ft/sec? and 1—3'5 sec. 

the required velocity v—u-- gt = (32x 3:5) ft./sec.= 112 ft./sec. 

Again, the required height h—ut--3gt* — (4 x 32 x $2) ft:=196 ft. 

2: A body dropped from a balloon at rest clears a tower 81 ft. high during the 
Jast quarter second of its motion. Find the height of the ballon and the velocity of 
the body when it reaches the ground, 

(g=32 ft. per sec.?) [ And. U.] 

Ans. Let the period of fall be z seconds. Since the body falls from rest, 
the initial velocity u=0. If s be the distance fallen through in t sec., 

5—igi? —1612. (1) 

Again, if s, be the distance fallen through a quarter second earlier, 


then, 5,7 i2((1—1)?—16 (à-539)- 0-80. so that s—s,=8/—1. ...(2). 


. 2 
Hence 8/—1—81, whence 1=10% seconds. Thus s=}g!?= (16x45) ft. 


=1681 ft. 

Finally, the. final velocity y2gt—(32x101) ft./sec.=328 ft./sec. 

3. Two stones are projected vertically upwards at the same instant. One 
ascends 112 ft. higher than the other and returns to earth 2 seconds lates. 
Find the velocities of projection of the stones. (g—32 ft. per sec.2) [C. U.] 


Ans. Let the velocities of projection of the stones be u, and uy respectively... 
If h, and A, be the maximum heights attained by the stones, then 


us? 


2g 


h=" and y= 
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Wye Mp? oq. 2.—4592—112x64. : ... (1) 
Now, hı—hħa=112 ft. So cw qs or, u,2—uj?—112x 
If 4, and t, be the respective times of flight, then 
2i 
=, and tye. 
Now, t,—tg=2 sec. So Ha Mi=, Or, uy, =32. we Q) 
Dividing (1) by (2), we get, Uy - ug —224. EAM) 


From (2) and (3), we get 4,—128 ft./sec. and 15 —96 ft.[sec. 


i i i i i iles per hour 
4. An aeroplane is travelling horizontally with a velocity of 60 mil 
and when it is at a height of 1936 ft., a bomb d dropped from it E where 2 
bomb strikes the ground and the time of its fall. (g=32 ft. per sec, 


ns. Horizontal velocity of the plane=60 miles per hour=88 ft /sec. 

the bomb falls vertically with an acceleration of 32 ft. per/sec.? and also 
travels horizontally with a uniform velocity of 88 ft. per sec. 

Let the time of fall of the bomb=r seconds. 

Then y UE de give ES rq ies pes whence t=11 sec, 

s'e the desired distance=(88 x La 5 à 

Hence the bomb age ground at 968 ft. from a point on the ground 
vertically below the point from which it was dropped. 


5, Calculate the mass of the Sun, given that the distance between the Sun and 
the Earth is 1495 1015 cm. and G=666x10-§ C.G.S. units. Take the yearto 
consist of 365 days. [P. U.J 


Ans, Let the mass of Sun be M and the mass of Earth be m. 


Now the distance between the two, which is the radius of the earth's orbit, 
i55 149 x 1015 em. ; 


/. gravitational force of attraction= GM 26:66» 1078 x qaos dynes. 
Now the time of revolution of the Earth=365 days- (365 x 24x 60 60) secs. 


. Ll2r |12x31415 , 
or, the angular velocity w of the Earth T 365x243 605 60 radians/sec. 
/. the centripetal force on the Earth 


EOE lp 2x3:1415 2 d^ 1013: d 
e re mx (e aa) % 1°49 x 10: ynes. 

For equilibrium the centripetal force. must be equal to the gravitational force. 
Tn such problems logarithmic calculations are preferable. 


2x31415 — 3, ise -5 Mm 
Hence mx (ae) x 1:49 1018 =6:66 x 10 X 9x 10:5 
^ whence the required mass M=19:67% 1092 gm, 


6. A sputnik is designed to be raised up to a height 1000 miles above the 
surface of the earth and then given a horizontal velocity so as to revolve round 
the earth ín a circular orbit. Calculate the velocity of projection of the sputnik 
as also the period of revolution, given that the acceleration due to gravity at 
the earth's surface is 32-19 ft./sec.2 and the diameter of the earth is 7980 miles. 
What would be the result of releasing an object from the rotating sputnik with 
no initial velocity. 

M r2 

Ans. Wi nup ga 

^ Men EE ATI 39902 
The value of g’ at the height of 1000 miles is=( 32 19x 25902) ft,/sec, 
=20'58 ft./sec. 


sputnik at that height is mg’; 
at the orbit of radius rh is 


y? i: 3 me es QM 
re The sputnik and any thing within it will be weightless while orbiting. 


2 
ince G=, 
: M 


If m be the mass of sputnik, the weight of the 
and the centripetal force necessary to rotate it 
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m 
rh 
or, v= 4/20:58 x 4990 x 5280 ft./sec. —23284 ft./sec. 
BO miles/hr.—-15875 miles per hour. 
Now the circumference of an orbit of radius (3990--1000)—4990 miles is 
—2x3:1415x 4990 miles=31354 miles. 
the time period 215 hours=1°975 hr.—1 hr. 58 min. 30 sec. 
If projected with no initial velocity any object on the sputnik would share equal 
velocity and remain orbiting the same path. 

59. Motion of two Bodies connected by a string passing over a 
smooth Pulley (Atwood's Method)— Let two bodies of masses mı and 
m, be connected by a light inextensible string passing over a smooth 
pulley P, both of them hanging vertically (Fig. 89). If mą is larger 
than m,, we are to find the resulting motion of the system and the 
tension. of the string. As the pulley is smooth, the tension 
of the string is the same throughout its length. Again, 
as the string is inextensible, the downward motion of * 
my is equal to the upward motion of m, ; hence their 
acceleration is the same. . 


Let the common acceleration of the system be f and’ 
the tension of the string be T (in absolute units). 


Now. the resultant downward force on. m, is-(mgg —T). 
And the resultant upward force on m, is=(T—1 8). 


"no  mgg—T=mef and T-—m,g-m;f. 


mg’ whence v2=g’ (r--h) or, v— X g'(r--h). 


—_— 


Adding (ma msYg — (ms +Mg)f, 
MaM, S 
whence, nmn d 159,1) 
2m,m : 
E -— all's 
Also T=m,(f+s)= 7 g i (58,2) Fig, 19 


Observing the acceleration. f ofthe system and using equation 
(59,1), the value of g may be roughly determined. i^ 

594. Reaction of a Moving Lift—When a man is standing on a 
lift, either at rest or moving up or down with a uniform: velocity, the 
reaction at the floor of the lift is equal to the weight of the man. But 
when the lift is moving with an acceleration, the thrust is not equal 
to the weight *of the man, . It is, however, equal to the thrust then 
exerted by the man on the lift, which may thus be called the apparent 
weight of the man on the accelerating lift. 

Let m be the mass of the man, R be the thrust between the man 
and the floor, and f be the acceleration of the system. When the lift 
is accelerating up, R must be greater than the weight of the man, 


R—mg=mf or, R=mg+mf=mg (+t), 


f 


i.e., the man appears to be heavier by F of his weight. 
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It may be mentioned that in Appollo Rocket flights to the moon 
the acceleration f at one stage given to the rocket was about 7g. 
Hence the apparent mass of the aeronaut became 8 times his normal 
weight. Hence a preliminary practice was necessary to withstand 
this unusual thrust, 


When the lift is accelerating down, the weight must be greater than 
the thrust R’. 

zo mg-Komf, or, K=mg—mf=mg (1—T.). 

i.e., the man appears to be lighter by £ of his weight 


Ifthe lift falls freely under gravity, then f—g and the reaction 
K'—0. That is the passenger within the lift will feel that he has no 
weight. 


60. Mass of Earth—Let the mass of the earth be M gm, and its 
radius be R cm. Then, by the law of gravitation,— 


the force of attraction on a mass m on the earth = Gm 
The force being equal to the weight of the body=mg dynes. 
G 


a SMM mg, whence M=S2", s» (60,1) 


Taking R=4000 miles, G=6'65 x 107* C.G.S. units, and g=981 
cm. per sec.?, 


M = 281X (4000x 1760 x 3 x 30:48)? 


dynes. 


6:65x 10-5 gm.—6:113x 10?* gm. 
=1°35 x 1025 1b.—60:17 x 102° tons. 
If P is the mean density of the b then M—$zR?P. .. (602) 
D L8 _* 
rom (60,1) and (60,2), GR 
* 3x981x7x108 


AX 72x 663x400 x 5280 34g 571/66.7546 gm ee. 


The value of G was first determined by Cavendish (1731-1810), 
whence the mass and density of the earth were calculated. It is thus 
said that ‘Cavendish weighed the Earth in his balance’. 


Examples : 


1. Alight string passes over a smooth pulley and has masses of 240 gm. and 
250 gm. attached to its ends. Calculate the value of g, if the system starting from 
Test moves through a distance of 160 cm. 4 seconds. [Anna. U.] 


Ans. Since the two load: are unequal, the combination would have an 


acceleration with the heavier load descending downwards. Let the common 
acceleration be f cm. per sec.2 


Then, 0--if;42—160 cm. when —20 cm./sec.2 
Let T be the tension which is throughout the ee l 
Then 250g—T=250 x20 and T—240g —240 x 20. 
Adding the two equations, we get 

10g—490x20 > whence £—980 cm./sec.2, 
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. 2. Amass of 10 Ib. is hung from a spring balance attached to a lift. The lift 
is (a) ascending with an acceleration of 4 ft. per sec. per see, (b) ascending 
with a uniform velocity of 4 ft. per sec. Calculate how the. reading of the 
spring balance will be affected in each case. The value of g—32ft. per sec. 
per sec. [Pat. U.] 


Ans. When the lift is ascending with an acceleration of 4 ft. per sec.?, the. 

reaction R of the mass of 10 Ib. on the spriug balance is given by 
R—10x32--10x4, whence R=360 poundals. 

Hence, the spring balance will record (360+32) 1b.—11:251b., that is 1'15 Ib. 
more than its original reading. 

Again, when the lift is moving with uniform velocity, whatever its magnitude 
may be, there isno change in the reaction of moving parts and so the spring 
balance records the same reading of 10 Ib. 

61. Spring Balance—A spring balance (Fig. 90) is an instrument 
with which weights of bodies can be determined 
and compared. It consists of a spiral spring of 
steel S (Fig. 90b), enclosed in a metallic case, 
with the upper end fixed to a ring at the top of 
thecase. The lower end is attached to a straight 
rod R which has a hook H atthe lower enc, 
from which the body to be weighed can be hung. 
The front part of the case is covered by a plate 
with a long narrow slit C, which is graduated 
either in gramweight or in pound weight along 
the slit(Fig. 90a) A pointer attached to the rod 
passes out of the slit and rest against the scale. 
When a body is hung from the hook, the spring 
extends in proportion to the amount of pull 
exerted by the weight of the body. The pointer 
accordingly moves down and indicates the 
weight of a body from the reading on the scale, 

As the spring extends by the pull exerted on : 
the body by the earth, the spring balance Fig. 90 
directly gives the weight of a body at a. place. If we move to à 
different place, the weight of the body changes and so the pull on the 
spring also changes. Hence from a theoretical standpoint the instru- 
ment may be calibrated so as to record the weight of a body. 

Thus, in a common balance we compare different masses, while in 
a spring balance we compare different weights. If taken to different 
places, the bodies and the ‘weights’ used are equaliy affected by the 
variation of g. So it is not possible to detect any change in the 
weight of a body by a common balance. A spring balance, on the 
other hand, is differently affected due to the difference in the pulls 
and may indicate the variation in the weight. In practice, however, 
the variation of the weight of a body over the earth’s surface is so 
small that it does not sensibly affect an ordinary spring balance, 

*62. Kepler's Laws of Planetary motion—During the last decade 
of the 16th century, the Danish astronomer Tycho Brahe and Johaan 
Kepler made a systematic observation of the nature of the orbits of 
the planet Mars and other planets around the Sun. After the death 


90 H S & INTERMEDIATE PHYSICS CHAP. ly 


of Tycho Brahe, Kepler enunciated the following three laws of plane- 
tary Motion— 

1, Each planet moves inan elliptic orbit with the sun at one of 
the foci. z 

2. The radius vector joining the planet to the sun describes equal 
‘areas in equal times. k 

3. The square of the periodic time of a planet varies as the cube 
of its mean distance from the sun, 


Explanation of Laws—Let Fig 91 represent the elliptic orbit of a 
planet. Then the sun must be at either focus of the ellipse say at S. 
In case of the earth's orbit the First 
5 ng Law may be verified by a systematic 
measurement of the variation of the 
distance of thesun from the earth 
throughout a year. On December 
31,the distance becomes minimum 
called the perigee point of the orbit. 
On July 1, the distance is maximum. 
called the apogee point. The eccent- 
ricity of the ellipse is very small 
having a value ‘0168, which means 
that the orbit is nearly a circle. 


The Second Law states that if 

Fig. 91 E,, E, and E; represent the 

positions of a planet at equal intervals of time then the area of the 

sector E, SE, equal thal that of the sector E2SEg. If the interval. of 

time be taken small, (for example, one day) the arc E,B, is very 

approximately=E, SX6 where 6 is the angle E,SE, and the area 

E,SE, becomes 3(E,S)29. Knowing E,S and measuring 0 the law 
can be verified for the two seetors E,SE, and E,SE,. 


Kepler’s Third Law and Law of Gravitation—In order to explain 
the Third Law, Newton has to assume to existence of some sort of 
attracting force between the planet and the sun, the force varying as 
the product of the two masses and inversely as the square of the 
‘distance. Let M be the mass of the sun and m that of the planet at a 


mean distance r from the sun. For simplicity, assume that the orbit 
‘is circular. i 


If the tangential velocity of the planet at any point in its orbit be 
v, the centripetal force necessary for the rotation of the planet is 
my*[r. The origin of this centripetal force is the gravitational force. 
If T be the periodic time of the planet, then 


since v. -. centripetal force= P9... Amr 
$a a ed force is yc to, the gravitational force, 
“ar =a) on T - (62,1) 


"whence T? o 75, 


ART. 62 GRAVITATION AND GRAVITY . 9r 


„Thus, the Third Law can be proved by assuming the truth of the 
inyerse square Jaw of gravitational force. 


Comparison of Masses of Heavenly Bodies—Kepler’s Third Law 
gives us a clue to compare masses of heavenly bodies which have 
satellites at known distances and of known periodic times, Transfor- 
ming equation (62,1), we can write 


T?M 4s* 
— =—— =2 constant. 
T? G 


Ff there are two heavenly bodies of mass M, and Mg having two 
satellites of periodic times T, and T and placed ta distances of ry 
andr, from their respective parent bodies, then : 


2 2 2 
Ti M: als My since each expression= 4 
DES re G 
Noe Dati er ) 
whence, H= 2 1 PE (6252) 
ey M, ra” T,* VR 
Example : 


As tellite of Jupiter moves round the planet in a circle of radius 1:161 x 10° 
miles completing one revolution in 166 days while Earth's moon On an orbit of 
radius 2°24 105 miles completes on revolution in 27 days. Compare the masses 
of Jupiter and Earth. b 


Ans. Letthe mass of Jupiter=M,, Tne orbital radius of the satellite=r, 
=1°16! x 10° miles and t.e period of revolution of the satellite— T; —16:6 days. 
Let Mg be the mass of the Eart^, rs the radius of the moon’s orbit and Tg its 
period of revolution -27 days. Obviously, then, 


mass of Jupiter 272 (1:1613:105)3..:36877 


mass of Earth. (224x105 (16609... 35 Vo) 
So jupiter is about 369 times massive than earth, 


*63. Journey to the Moon— The first successful attempt of a rocket 
flight around the moon and back to earth was undertaken at the 
Spaceport of Cape Kenedy, Florida, United States of America. This 
was known as the Apollo—8 Mission conducted by three aeronauts, 
Frank Borman acting as the Commander of the mission, James 
Lovell and William Anders. At the start the Saturn 5 rocket at the 
bottom with the Apollo spacecraft at the top had an overall height of 
364 feet, as high as a 36 storey building. The nature of construction. 
and principle of flight of a rocket have already been described in 
Art. 38. On the launching pad the total weight of the rocket was 
about 3000 tons. Development of such a space craft required the 
combined efforts of about 350,000 scientists, engineers and techni- 
cians. The command module diameter with controlling switches, 
gears and panels all around it and having just Sufficient space for the 
three aeronauts to a little movement. 


The rocket started from the lunching pad at 7-51 A.M. U. S. A. 
time on December 21, 1968 from the Spaceport consuming 15 tons 
liquid fuel per second producing an unward thrust of 3750 tons. 
Within 150 seconds from the start it reached an altitude of about 
100 milies from the earth’s surface. This was rather a slow upward 
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acceleration for a rocket, because in rising up through the atmosphere 


with a very high speed air friction will produce such a heat as to 


) 


burn up the rocket and produce explosion of the fuel chamber. When 
the rocket reached this altitude the first fuel tank was exhausted and 
was dislodged mechanically from ths remaining part of the rocket. 


Fig. 92—Apollo-8 Mission 

The next procedure was to place the rocket in an orbit around the 
earth, the plane of the orbit very nearly coinciding with the plane of 
moon’s orbit about the earth. This plane is nearly coincident with 
the equatorial plane. This required steering of the rocket’s course 
and giving it a tangential velocity in a circular course round the earth 
just sufficient to maintain a uniform circular motion (vide Art. 47). 
The speed of the rocket required to maintain it at a height of 100 
miles is about 17413 miles per hour. (vide Example 7, Art. 58) and 
the time for one complete revolution round earth becomes 1 hr. 26°6 
min. This was called the Parking Orbit. At this stage the condition 
within the rocket was weightless and the density of atmospheric air 
at this height was so small that resistance to rocket motion could be 
neglected. At this orbit station rechecking of all the apparatus 
containing 506 switches, 71 lights and 40 mechanical indicators 
was made. 

Then came the direction from the earth station to recharge the 
Second rocket engine for a journey toward moon. The engine roared 
and gave a speed of 24171 miles an hour to break away from the 
orbit and start its journey towards moon. This was then the greatest 
speed ever attained by aeronauts, At this stage the rocket was 
moving against the earth's gravity and so the speed gradually 
decreased. Nevertheless the initial speed was such as to pilot the 
rocket to distance within the gravitational zone of the moon. There 
were a number of small rocket engines to the sides of the main 
rocket, which helped the main rocket to place it at any angle to. the 


Course of flight. By inclining the rocket, the aeronauts could view 
the earth and the moon through side-windows. 


As the rocket moved to a distance of about 180,000 miles from the 
earth towards moon, again a region of weightlessness was felt. This 
was the tegion where earth’s gravitational pull was neutralised by 
moons gravitational pull in the opposite direction. Then the 
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rocket tended to fall on the moon with moon’s acceleration due to 
gravity, which is about one-sixth part of that of the earth. This was 
a great juncture for the aeronauts, for they wanted the rocket to 
veer round the moon instead of falling directly on it. This was 
done by manouvering the craft close by the edge of the moon with 
such a suitable speed that instead of passing by the moon, it could 
encircle the moon by the same principle as adopted in earth circling. 
This could be achieved by working the rocket engine maintaining 
proper Speed and direction. The first two were elliptical orbits 
around the moon and then by proper adjustments, the orbit could 
be made circular aboye 70 miles from the lunar surface with a speed 
of 3700 miles per hour. The time required to reach moon’s orbit 
was about 66 hours from earth's orbit. The moon's circular orbit was 
completed in every two hours. The aeronauts celebrated Christmas 
Eve on December 24, 1968, while on the lunar orbit. They took very 
many photographs of the lunar surface full of craters and suggested 
future landing spots on the moon's surface. They took photographs 
of the sun and the earth. The photograph of the earth showed phases 
as we observe the moon from day to day. But earth did not look to 
beso bright as the moon because sun's rays are absorbed consi- 
derably by the earth's atmosphere while full sunlight can reach 
moon’s surface because it has no atmosphere. 


On December 25, the aeronauts restarted the engine to break 
away from lunar orbit with a speed of 4500 miles per hour towards 
the earth. On December 27 at 4-51 A.M. the craft splashed down 
with the help of- parachutes in the South Pacific Ocean about 1000 
miles south-west of Hawai islands. The total journey period was 147 
hours and total mile-coverage was 595000 miles. In later period 
there have been another six more Apollo missions and on three 
occasions Apollo 11, 12 and 14 missions, the aeronauts landed on the 
surface of the moon, collected specimens, established small 
laboratories, etc. which would help geologists and other scientists to 
investigate the nature of formation of the Solar system. 


American scientists also sent powerfull rocket Mariner IV space- 
craft on July 14, 1965 which made an epic 74 months journey and 
passed by planet Mars and sent tele-photographs from a distance 
of 7000 miles from the planet. Such are the improvements of 
modern technology and electro-communication techniques. 


63A. An Endless Journey: In Art. 38, the principle of Rocket 
propulsions has been described and different types of rockets used 
for orbiting earth or for inter-planetory journey have been 
mentioned. On March 2, 1972, a small but very powerful spacecraft, 
Pioneer-10, was launched from Cape Canaveral, U. S. A., towards 
the sun’s biggest planet Jupiter. During December 1973, the rocket 
passed by Jupiter and sent back to Earth by radio signals and colour 
photographs of the entire planet with its famous red spot, its striated 
cloud structure, a shallow region over its surface, etc. with its 9 
moons. After passing Jupiter, it headed towards Saturn which it 
met by 1976 from a distance of 10000 miles. Its 16 revolving moons 
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were also photographed. Then it turned towards Uranus and met 
it in 1979 from a distance of 8000 miles. Uranus has also rings 
like Saturn but not so bright. After that it met Neptune in 1984 
and finally it has a chance of meeting Pluto in 1987. Then 
it will leave the Solar system and is likely to move towards the cons- 
tallation of Taurus (Brisha). Scientists are almost sure that there is 
no human being on any planet of the Solar system except Earth. If 
the space craft survives 11 million years, it has a chance of reaching 
Taurus. In case Pioneer-10 meets any human society on its long and 
lonely journey towards infinity, it is carrying a picture with diagrams 
of human male and female also the directions about how to locate 
the earth. The scheme is almost a hopeless hope ; nevertheless it is 
an ever-lasting desire for inter-planetory good-will mission. 

64. Requisites of a good Balance—The description of a physical 
balance has already been given in Chapter I. A good balance must 
be (1) true, (2) sensitive and (3) stable. 

(L) A balance is said to be true, if the beam remains horizontal 
when both the pans are empty or are loaded with equal masses. 

The conditions to be satisfied by a balance to be true are ;— 

(i). the two arms of the beam must be of equal length, 

(ii) the scale pans must be of equal mass, and 

(iii) the centre of gravity of the beam must be vertically below 
the fulcrum when the beam is horizontal, À 


To tesi whether a balance is true, a body is placed on one of the 
pans and weights are placed on the other, till the beam is horizontal, 
The body and the weights are then interchanged. If they still 
balance, i.e., if the beam be still horizontal, the balance can be taken 
to be true. 

(2). A balance is said to be sensitive, when the beam is appreci- 
ably displaced from the horizontal position, even for a very small 
difference in the weights of the bodies placed on the two pans. A 
sensitive chemical balance indicates a difference of one-tenth of a 
milligram. 

The conditions to be satisfied by a sensitive balance are :— 

(i) the C. G. of the beam should be very near the’ fulcrum, 
(ii) the beam should be light and 

(iii) the arms ofthe beam must be long. If such conditions are 
satisfied, even a small excess in the we ight on one pan would produce 
of the weight about fulcrum sufficiently large moment to cause an 
appreciable inclination of the beam. 

(3) A balanceis said to be stable, if the beam after being dis- 
turbed, comés. back quickly to its position of equilibrium. The 
condition for stability, requires that the C. G. of the beam must be 
sufficiently below the fulcrum. This condition is opposed to one of 
the conditions for sensitiveness. In other words, stability is increased 
at the cost of sensitiveness. A balance should be rigid ; i.e., the beam 
should not bend when weights are placed on the pans. 


. 64A. Method of Weighing by a Balance—Different methods’ are 
adopted to secure accurate weighing under different circumstances, 
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(i) Method of Oscillation—1f the balance is true, the most common 
method of accurate weighing is the method of oscillations. With the 
pans empty, the balance is made free and the oscillations of the 
pointer are observed. The pointer should oscillate through an equal 
number of divisions on either side of the middle division. In Fig. 93,. 
S represents the ivory scale over which the pointer P from the beam 
shows the nature of the oscillations. Here graduation 5 is the centre 
of the scale. Two ends of the turning are 0°5 and 9 5, so that the 
pointer swings equally about the middle point. The balance is now 
ready for use. ^ 

If unequal oscillations are obser- 
ved, the weighing pans should be 
cleansed with soft brush and the 
screw-nuts at the ends of the beam 
should be so adjusted that on raising 
the beam equal oscillations are 
. observed. With less sensitive balances, 

Fig. 93 the friction plays such a role that the 
oscillations rapidly die away. In such cases the resting point of the 
pointer should be calculated from a number of readings ofthe 
pointer. (For details vide J. Chatterjee's Intermediate Practical 
Physics, All India Edition). The body to be weighed is placed on the 
left pan ; weights are placed on the right pan, till on making the 
balance free, the pointer again oscillates through an equal number 
of divisions on either side. The mass of the body is then equal to the 
mass of the total weights placed on the pan. For accurate weighing 
a ‘rider’ of a small mass (generally 5 or 10 mg) is often used with a 
sensitive balance. 

(ii) Method of Double Weighing—Even when the balance is not 
true, the mass of a body may be determined by the following method 
of double weighing. 

(1) Borda's Method (Method of Substitution) —The body to be 
weighed is placed on one of the pans (say, the right-hand one) and is 
counterpoised with small shots, sand, etc. The-body is then removed . 
and standard weights are placed on that pan, till equilibrium is res- 
tored. Evidently the sum of the standard weights is equal to the 
weight of the given body, for whether the balance be true or false, 
these weights and the body, separately placed on the same pan, 
balance the sand, etc., on the other pan. r 

(2) Gauss’ Method—This method is applied, if only the arms are 
of unequal lengths but the balance is otherwisee correct. The body is 
first placed on one of the pans (say, the left-hand one) and is exactly 
counterpoised in the usual way. The body is then placed on the right- 
hand pan is counterpoised again. : 

Let the arms of the balance—a, b ; the true weight of the body 
=W ; the ocsetved weight with the body on one pan=W, and the | 
observed weight with the body on the other pan—W;. 


Then Wa-W,b and Wsa—Wb, e (64,1) 
or, W2ab=W,W,a) whence W—y W,W;. s (64,2) 
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Thus the true weight is the geometrtc mean of the observed weights. 
To fiud the ratio of the arms :— 

s a W, qM. 
From equation (64,1), TW and ;- We 


Hene = [xg a, Wi 
ETA Ww, N W, 


Suppose a tradesman uses a false balance with unequal arms a 
and b, A customer takes a quantity of some article, which appears 
to weight W, being weighed in one pan. The balance is turned and 
another quantity also appearing to weight W, is weighed in the other 
p Here the customer really gets a quantity W,+-W, in place 
E " 


Now, W,+W,—2W=We- +w!—2w 


a*+-b*—2ab — (a— b)? 
Mero na gy 7N- 
Asaand bare unequal, (a—b)*>0. Further, asa and b are 
both 7 0, the right-hand side is 70, so that W,--W; >2W, 


i.e., the trades man cheats himself by the amount (aby. 

Hence in a false balance It is profitable for a customer to pur- 
chase always a quantity of substance in two instalments, weighing 
half on one pan and the other half on the other, 

Examples : 

1. A tradesman sells his articles weighing cqual quantities alternatively from 


the two pans of a balance having unequal arms. If the ratio of the lengths of t 
lengths of the two arms be 1°025, what is his percentage loss or a? zn 


j [Pat. U.] 
Ans. Let the true weight (mass) of the body be W and i i 
when placed on the two pans bo W, and Ws. Then. "pre ar a 


a W, 
Ae vw =1025, 
When equal quantities are weighed alternatively from ih 
balance, the customer gets a quantity"in excess of 2W bya d e dod 
a wa—)* a? +b?—2ab a b 1 
WE o T oap e W (5+ 2-2) = W(1025-4--9756—2) =-0006w, 


Hence the tradesman cheats himself or loses by E ui 100—037. 


weit Wi S v Wa the balance are not of equal lengths, the true 
ti ly A, Wa= (8x18) Ibs.—12 Ib. 
For the body B, Wb J(5} x 12) Ibs, =8 Ib 


The ratio of the arms is, however, = aye 
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Illustrations of Inertia of Motion—A person, in getting down 
carelessly from à moving tram car, tends to fall forward. . His 
feet, on touching the ground, come to rest but the upper part of 
the body due to inertia tends to move forward and so he stum- 
bles towards the direction in which the car is moving. Again, 
when a carin motion rapidly stops, a passenger sitting loosely 
in the car swings forward. Ifa horse at full gallop suddenly 
stops, the rider unless sitting firmly on the horse back is likely 
to be thrown forward over its head. 

Before taking a long jump a person has to run from a little 
distance behind, so that the inertia of motion helps his muscular 
effort to jump. A ball thrown vertically upwards by a person, 
in a running train comes back to his hand. Due to inertia the 
ball maintains its horizontal motion which it has acquired from 
the car and so comes back to the hand, if the motion of the 
train or the position of the hands does not change in the mean- 
time. Similarly in the circus show, a performer jumps up from 
the back of a running horse, and passing through a hoop again 
comes back on the horse. 

33. Explanation of the Second Law—The Second Law 
states that so long as an external force is acting upon a mate-— 
rial body, it will continuously gain in motion in the direction 
of the force. It was Galelio who first observed it and it was 
left for Néwton to explain it with mathematics. The accelera- 
tion of the body under the action of the force is a measure of 
the force acting upon it. This law gives a quantitative’ definition 
of a force. sol 

Momentum—The momentum of a body is measured by the 
product of the mass and velocity of the body. Hence, if the 
mass of the body be m and its velocity at any instant be v, the 
momentum of the body at the instant is mx y. Newton termed 
momentum as the amount of motion of a material body. 

The unit of momentum is the momentum possessed by a 
body of unit mass moving with a unit velocity. The F.P.S. unit’ 
of momentum is the momentum possessed by a mass of 1 Ib. 
moving with a velocity of 1 ft. per second. Itis often termed 
a poundem. The C.G.S. unit of momentum is the momentum 
of a mass of 1 gm. moving with a velocity of 1 cm. per second. 
For example, a ball of mass 150 gms. moving with a velocity of. 
1 metre per second has a momentum of 150x 100—155 10* gm. 
cms. per second. Momentum is a vector quantity. 

34. Measurement of Force—Let a body of mass m having, 
an initial velocity u, be acted upon by a constant force P for a 
time f. Since itis under the action of a force, its velocity will 
continuously increase in the direction of the force. Let its final 
velocity be v at the end of this period. Now the initial 
momentum of the body=mu, and the final momentum=my, 
Hence the change of momentum in time .(—m(v —u). 


Pt. I/G—4 
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So, the rate of change of momentum i209 -—mf. 

According to this law, the force P is proportional to the rate 
of change of momentum, which means that, P = mf. 

or, P=kmf, where k is constant. f 

If now the unit of force be so chosen that it produces unit 
acceleration when acting on a unit mass, then if m—1 and f—1, 
then P becomes equal to 1. Accordingly k must be equal to 1. 
Thus with units so chosen, P=mf. vee (34,1) 

or, force—mass x acceleration. 

Unit of Force—The unit of force may be defined as that 
force which acting on a unit mass produces unit acceleration on it. 

The F.P.S. unit of force is that force which acting on a mass 
of I Ib. produces acceleration of 1 ft. per sec. This unit is 
termed a poundal. The C.G.S. unit of force is that force 
which acting on a mass of 1 gm. produces acceleration of 1 cm. 
per second per second. This unit is called a dyne. 

These two units are called dynamical or absolute units of 
foree, for they are believed to remain constant throughout 
the universe. There is another system of units of force called 
the gravitational unit. (Vide Chapter IV.) 

Again, pat = or, PXt=my—mu. sae (34,2) 

Impulse.—When a large force acts ona body fora short 
period, the product (forcextime) is called the impulse of the 
force during the period. During the period in which the im- 
pulsive force acts, it no doubt produces an acceleration of the 
body ; but the period being small, the acceleration is very 
large. An acceleration produces a continuous change of 
momentum of body. In measuring an impulse of a force, we 
are concerned more: with the change of momentum during the 


period than with the acceleration produced on the body. Neces- 
sarily an impulse is also a vector. 


aj Equation (34,2) provides another definition for the unit of 
force, for, if. (mv—mu) be unity and t be 1 second, then P be- 
comes unity. Thus a unit force is that force which acting on 
a mass for unit time produces a unit change of momentum in the 
direction of the force. Let the mass taken be unity ; then a unit 
force acting upon a unit mass initially at rest would generate 
unit velocity on it. A unit mass is very often defined in this 
way. 
Relation between a Poundal and a Dyne.—A poundal is 
much larger than a dyne. A force of one poundal acting on a 
mass of 11b. produces an acceleration of one foot per sec?. 
Now 1 1b.—453:59 gm. and 1 ft.—30:479 cm. 

Hence a force of 1 poundal acting on a mass of 453-59 gm. 

produces an acceleration of 30:479 cm. per sec. per sec. ; 
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-. 1 poundal=1Ibx1 ft. sec.-?—453:59x 30479. gm. cm. 
sec,” 2—13824:969 dynes=13825 dynes (very approximately). 

The momentum isa vector quantity, its direction at any 
instant being the same as that of the velocity at that instant.» 
It can, therefore, be represented by a straight line. The 
momentum has the dimension of massxvelocity, which is 
MXLT-!=MLT-!. The force has the dimension of massx 
acceleration, which is MLT"?. 

Examples : 

I. An automobile of mass 3500 lbs. moving with a uniform velocity 
of 60 miles per hour is to be stopped inl second by the application of 


a uniform retarding forco.. What should be the magnitude of this force, ? 
[C.U.—1950] 

Ans. We know 60 miles per hour=88 ft. per second. If f be the 
negative acceleration necessary to bring the body to rest in one second, 
then in the general equation v=u—ft., we set v=0, u=88 ft.[sec. and 
t=1 seo. | 

Thus 0—88—/x1, whence f=88 ft.[sec?, 

Again Pemf =3500 x 88 = 308000 poundals. 

2. A train having a mass of 100 tons running ona level ground is 
kept going by the locomotive at a uniform speed of 50 miles per hour ; 
the steam is suddenly shut offand the train comes to rost after going 
2 miles farther. Calculate the average resistance to the motion ofthe 
train. [Utkal U.—1952]. 
Ans, The train running with a speed of 50 miles per hour is brought 
to rest within 2 miles. Thus, to calculate the retardation, the formula 


v? =u? —2fsis to boused, where v=0 and u=50 milos hr "fb. s00., and 
8-2 miles=10560 ft. | 
Bo o- CP? -ur x 10560, whence jae ft. per sec. per sec. 
The resisting foree acting on the train=mass x retardation r 
605 
= (100x20 x4% yg, ag7g) Poundals=57087 poundals: 


35. Verification of the Second Law of Motion—The 


Fig. 47—Fletcher's Trolley Apparatus. 


Second Law can be studied conyeniently with an 

apparatus known as Fletcher’s trolley, + which, 

consists of a stout metal bench B,B, about one nw 
metre and a half in length having two parallel 

rails rr fixed upon it (Fig. 47). The bench is 

provided with levelling arrangements. A trolley T provided 
with wheels can run upon these rails almost without any 
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friction. A pair of springs SS, known as friction brakes, are 
fixed at the end of the bench for arresting the motion of the 
trolley without a direct collision. An almost frictionless pulley 
also a fixed at one end to facilitate the pulling of the trolley 
whenever required. A metal reed R capable of vibrating at 
right angles to the length of the bench may be clamped at 
either end of the bench. 


The bed is made accurately horizontal with the levelling 
arrangements at the base, so that the trolley runs on a hori- 
zontal surface. Then the trolly is tied with a piece of thread 
to the end B, of the bench. One end of a specially made paper 
tape Pistied to thetrolley. The tape is carried over a pulley and 

a scale-pan is suspended at its other end. A suitable 
load is put upon the pan ; this serves as the pulling 
force on the trolley. An inked brush is fixed at the 
end of the reed so as to touch the paper tape. 


The reed is swung a bit at right angles to its 
length and then released, so that it keeps on vibra- 
ting and marking a small arc on the paper with the 
inked brush. The period of one vibration of the reed 
is determined with a stop-watch or a metronome. 
Then the trolley is released by cutting down the 
thread, when it begins to move over the rails under 
the action of the load. The inked brush is found to 
trace a wavy curve on the moving strip of paper 
(Fig. 48). Since time for each vibration of the reed 
is constant, such curves on the paper offer a con- 
venient method of accurately measuring short inter- 
vals of time. The paper is then placed on the table 
and a straight line is drawn evenly through the wavy 
curve. This line serves as the line of reference. 
The points of intersection of the wavy line with this 
straight line are marked. The distance ab, bc, cd, 
etc., are accurately measured. If period of vibration 
of the reed be T, the average velocity in successive 
intervals of time is ab/T, bc/T, etc. So the change of 
velocity in the first interval is (bc — ab)/T, and there- 
fore the acceleration is (bc — ab)/T?. As long as the 
active force and the moving mass remain constant, 
this acceleration is found to be constant over any 
region of the path. This law can also be verified 
with an Atwood’s machine. (Vide next Chapter). 

36. Explanation of the Third Law—When a 
body A exerts a force on another body B, it is called 
the action of the force of A on B. The Third Law states that 
if there is any. action of the force of A on B, B also exerts an 


Fig. 48. 


te ae a ÀÀ — 
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equal and opposite force on A, which is called the reaction of 
Bon A. This law holds good whether the bodies are at rest or 
in motion and whether they are in contact or acting on each 
other from a distance. This law is, therefore, called the law 
of reaction. 

Take, for example, a person standing on the ground. The 
weight of the person shows itself as the thrust exerted by his 
feet on the ground, which is called the ‘action’ of his weight. 
So long as he stands firm, the ground presses his feet equally in 
an upward direction, which is called the ‘ground reaction’. This 
is an example of static action and reaction. But when he stands 
upon sandy or marshy soil, the ground resistance may not be 
sufficient to balance his weight. In that case his feet might be 
gradually submerged in’ the soil. Here also at any instant the 
ground reaction is equal and opposite to a part of the weight of 
the person, which is called the action. The remaining part of 
the weight serves as the moving force and has nothing to do 
with the Third Law and it is to be treated with the Second 
Law. Since the ground reaction is much less on sandy soil, 
it is rather difficult to walk fast. 

This law also gives the principle of conservation of momen- 
tum. Thus, ifa bat is moved towards an approaching ball, 
then on collision the force exerted by the bat on the ball is 
equal and opposite to that exerted by the ball on the bat. 
Hence the momentum given to the ball by the. bat is equal to 
that given to the bat by the ball in the opposite direction. In 
other words, the momentum gained by one is equal to that lost 
by the other, so that the total momentum of the system remains 
the same in any particular direction. The principle of the 
conservation of momentum may be Verified with an apparatus 
known ana Ballistic Pendulum. It can also be verified with a 
slight modification of Fletcher’s Trolley apparatus (Vide J. 
Chatterjee’s Intermediate Practical Physics). 

37. Different Kinds of Action and Reaction—The action 
and reaction between any two bodies may be of the following 
kinds : 

(1) Thrust or Pressure—This occurs when one body presses 
against another. Thus when a book rests on a table, it presses 
the table. vertically downwards by its weight, while the table 
exerts a pressure on. the book vertically upwards, called the 
thrust (or the reaction) on the book: These two forces must 
always be equal and opposite under static condition. 

(2) Pull or Tension—This occurs when two bodies pull 
each other through a material medium... Thus when a body is 
kept suspended bya string, the weight of the body pulls the 
string downwards, while the string pulls the body upwards 
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with an equal force called the tension of the string. The 
upward force is thus equal to the weight of the body suspended. 
LE : 


Horse pulling 
a Carriage—Let 
à carriage be 
pulled by a horse 
(Fig. 49) We 
Shall now consi- 
der how the mo- 
tion of the system 
is possible in spite 
of the fact that 
tensions along the 
tie-rod D are al- 
ways equal and 
opposite. 


To start motion, the horse presses against the ground with 
its hind leg in a direction. with a force (say, R) along AE. 
Then the reaction, which is also R, acts in the opposite direc- 
tion AF. , Now the reaction R can be resolved into two compo- 
nents—(i) a vertical component AB supporting the weight of 
the horse, and (ii) the horizontal component BF, which tends 
to move the system forward. Call this horizontal component p. 
There is a resistance r acting on the carriage due to friction of 
the wheels against the ground. So long as p is less than r, there 
isno motion. But as the horse exerts a greater and greater 
force, the component P increases and ulimately when p exceeds 
r, the system is under the action of a resultant force p-r, 
which makes the system move in the forward direction. 


(3) Attraction and Repulsion—These forces occur between 
two bodies Acting on each other at a distance. Thus two oppo- 
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which is equal and opposite to the force causing the body to 
slide down. Again in walking, one presses against the ground 
in a backward direction with his feet and the frictional reac- 
tion of the ground gives him an equal forward force which thus 
sets him in motion. Hence, it is difficult to walk ona very 
smooth surface. 


The principle applies equally in case of bodies in motion, 
When we jump on the shore from a boat, the boat is found to 
be pushed backward and the momentum of the boat is equal 
and opposite to that of the man. Again, when a bullet is fired 
from a rifle, the bullet is hurled forward violently by the force 
of the expanded gas. The bullet also exerts an equal and oppo- 
site force on the expanded gas, which pushes the rifle back- 
ward. The momentum of the rifle is equal and opposite to 
the momentum acquired by the bullet ; but as the rifle is much 
heavier than the bullet, its motion is much less. The back-push 
of a rifle, when fired, is a well-known fact. 


The motion ofa rocket is due to the burning of a fuel 
contained init. During combustion a stream of gass is given 
off downwards with a great force and due to reaction the 
rocket shoots upwards. This is the principle on which a space- 
ship is guided. When streets are watered, water rushes out of 
the hose-pipe with a force, the backward reaction of which is 
felt by the water-man. 


38. Rocket Propulsion—The motive power of any object 
by the rocket motor depends on the principle of the conserva- 
tion of momentum. In most general case this principle is used 
in projecting a body high up in the atmosphere or even beyond 
it. The rocket mainly consists of three parts : (i) The tower 
or the nose N inside which there is a closed room for the 
aeronaut and instruments (Fig. 50), (ii) The fuel tank T 
containing the liquid or solid chemicals for combustion, (iii) 
The rocket motor M in which the fuels can be transferred. in 
proper proportion by pressure and rate of combustion can be 
controlled from the tower chamber. 

The base of the rocket engine is provided with a number of 
nozzles which eject out the gaseous products of combustion in 
a desired direction. Suppose that the rocket is to be lifted 
vertically upwards. In such a case the rocket is placed on a 
launching pad L in a vertical position (Fig. 50). On. starting 
the engine the fuel ignites in the cylinder of the engine and hot 
gases are expelled violently through the nozzles vertically 
downwards. The expulsion of the gases in a^ downward 
direction gives an upward momentum to the rocket and this 
change of momentum per second is the upward force that 
lifts the rocket and gives it the required motion, 
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Theory of motion :—Let m be the mass of the rocket 
including the fuels at the start. As fuel burns explosively and 
is ejected out, the mass continuous- 
ly diminishes. Let ôm. be a very 
small part that burns out in a small 
interval of time of ôt. Let Yr be the 
downward velocity of the gas rela- 
tive to the rocket, If v' the velocity 
of the gas relative to the earth, 
then so long as the rocket does not 
get a start. p= —y,, 


The momentum of the exploded 
gas in time 8t—8m» v,. Thus, the 
rate of change of momentum 
pm. Yr Which is a force applied 
to the rocket in the upward direc- 
tion. By controlling àm, a Stage can be attained at 


me position 
in the atmosphere (fig. 51). Then the velocity of exploded gas 


relative to the earth is given by y'—y — v, and its 
smy’ —8m (v=). At the end of the interval à 
the rocket with unburnt fuel has decreased to ; 
velocity haso increased to v4-8y, 
(m — 8m) (v + 8y), 


By. Newton's Second Law, 


momentum is 
t, the mass of 
" —óm and its 
Its momentum is therefore 


* . 


DIF air resistance is neglected, the external force F acting up- 
wards on the rocket is its weight mg which acts downwards. 


! Force F= Pun whence F $= 8(my) woe (38,1) 


Therefore F= -mg. 


jas pares 7 mgot—[(m — 5m) (vXx8y)--8m (y »,)] - mv +++ (38,2) 


-[mv»-4- mày — yêm — $m.8y-L-yàm — v.m — my] 
này — y,8m neglecting àm.8y which is very 


ôm 
Yr gp mg re rote * (38,3) «. 


_ Since v/ót denotes the acceleration, the left Side of the equa- 
tion Fepresents the resultant force on the rocket. The first term 
on the right gives the upward thrust on the rocket and mg is the 
Weight of the rocket at that instant. The upward thrust is thus 


ôv 
small m 
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proportional to the relative velocity v; of the ejected gas and the 
mass of the gas ejected per unit time which is 8m/t. 
«s. Acceleration of the Rocket=f— pa g (38,4) 
As the rocket shoots up, the value of £ decreases. In the 
outer space far from planetory bodies, e becomes negligibly small. 
The values of v, and 8m[8t remain approximately constant while 
the fuel is being consumed but m continuously decreases. Hence 
acceleration of the rocket increases till the last drop of fuel in 
it. When long flights are required the tank T as well as rocket 
engines are linked together in various compartments, one above 
the other. When fuel in the lowest tank is exhausted, it is auto- 
matically dislodged from the rocket with its ejectors. Then the 
upper tank with its ejector comes into operation. This one is 
also dislodged when its fuel is exhausted. Such an arrangement 
is called a multi-stage rocket. In Apollo excursions to the moon 
three stage saturn rockets were used by NASA of U.S.A. 
Examples: A rocket during its first second of flight loses xfs of its 


mass with an ejecting velocity of 7000 fi per second. What is the acces 
leration of the rocket ? Take the mean value of g=32ft]sec?. 


^ om. X 
Answer: Here pi 109:*r = 7000/!/soc. and §f=1 sec. 
pee Re Ste al RU. eL 
Vy ge neceletation 7000 Boo * 100 * 1 s06 7828002 7 93500? 


" 

In early stages, smaller rockets carrying scientific instruments 
to record the conditions of the upper atmosphere were usually 
launched. These instruments were brought to the earth's sur- 
face at a slower rate by parachutes. The first human aeronaut 
to go up the atmosphere was a member of the Soviet Academy in 
a Sputnik in 1954, Thereafter very many types of rockets such 
as Gemini, Saturn, Pioneer, Ranger, Mariner, Apollo, Souje, etc., 
have been deviced by America and Russia. These rockets could 
be launched and revolved round the earths in suitable orbits 
with aeronauts within it. Upto year 1965 about 154 artificial 
satellites were put around the earth in different orbits. 


Examples 


1, A force of 120 poundals acts for 2 seconds on a mass of 24 lbs, 
initially at rest and then ceases to act. Find the velocity acquired and 
the space moved over by the body during the time, How far will it 
move during the next half-a-minute ? 

Ans. The equation P=mf gives 120=24f, whence f=5. This shows 
that so long as the force acts upon the body, it moves with an accele- 
ration of 5 ft.[sec.?. But the force acts for 2 secs, the initial velocity of 
the body being zero. f 

7. the final velocity after 2 seconds=u+ ft=(0+5 x 2) —10 ft.[sec. 


Again, the space moved over by the body in 2 seconds =ut+ jes 
(0+3x5x4) ft.=10 ft, 


58 INTERMEDIATE PHYSICS CHAP, Tit 


As soon as the force ceases to act on the body, there is no acceleration 
andthe body moves with a constant velocity of 10 ft. per sec. Hence 
during the next half a minute, it moves through (10 x 30)=300 ft. 

2. A shot of mass 40 Ibs. leaves a cannon with a speed of 1000 ft, [sec. 


i i i ./sec., find its mass in tons. 
If the velocity of recoil of the cannon is 413 ft./sec. VU. isi] 


Ans. From the law of reaction, we know that the momentum of the 
shot is equal and opposite to the recoil momentum of the cannon. 


Hence 40 x 1000=M x 418, whence ic eee, ifthe required mass 


125 
bo M. 


40,000 x 28 
n? M-125528x 4x 20 tons=4 tons. 


3. A shell of mass 40 Ibs. moving with a velocity of 12 ft./sec. explodes 
and bursts into two portions of masses 28 Ibs. and 12 Ibs. respectively. 
Ifthe former be brought to rest owing to explosion, find the velocity of 
the latter. 


Ans. Let the velocity of 12 Ibs. be v ft./sec. after explosion. 

The initial momentum of the entire shell=40 x 12=480 poundems. 

Tho final momentum of 28 lbs, is=28 x 0=0. 

The final momentum of 12 Ibs. is=12x v=12v poundems. 

From the principle of conservation of momentum we got 480=12v+ 0, 
whence v=40 ft. soc. 


*39. Elastic Impact—Ifa marble ball is allowed to fall 
upon a cemented floor, it rebounds to a certain height. But 
ifthe same ball is allowed to fall upon an wooden floor, it 
rebounds to a much smaller height. If again, instead of a 
marble ball, an ivory ball be dropped on the cemented floor 
from the sanie height, it rebounds to a larger height. The 
velocities before and after impact may be calculated from the 
distance fallen through and the height of rebound. As a result 
of experiments Newton derived the following conclusion : 

For the same pair of substances undergoing elastic impact, the 
velocity after impact bears a constant ratio to the velocity before 
impact and is independent of the masses undergoing impact. 


This ratio, which depends on the N 
material of the ball and the floor, is; $ 
known as the Coefficient of (elastic) 
Restitution. Suppose that a ball is 
colliding in a direction RO against 
a fixed plane PQ with a velocity u 
making an angle $ with the normal ( 
ON to the surface at the point of — gamma 
ese and that it has no motion P o Q 
of rotation (Fig. 52). After impact, i 
let the velocity be vina direction gium 
making an angle 0 with the normal. Now resolve the incident 
velocity into two components, viz., usin ¢ parallelto and u cos $ 
perpendicular to the colliding plane. In a similar manner 
resolve the velocity v along the same directions into components 
v sin 0 and v cos 6 respectively, 
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Now as the plane is supposed to be perfectly smooth, there 
cannot be any force acting on the ball parallel to the plane 
during impact and consequently the parallel component of the 
velocity remains unchanged. Thus v sin 0—u sin $ ++¢(39,1) 

By Newton’s Law the perpendicular component is altered 
by a certain ratio. Let the ratio bee; then vcos 0=e u 
cos $ - (392) 

vcosÜ e.u. cos ó 
vanes using’ whence cot 0—e cot ¢ s.. (39,3) 

An ideal case is one in which collision is perfectly elastic. 
In that case e becomes equal to unity and 0—4. In such a case 
the angles with the normal before and after impact are equal. 

If m be the mass of the ball, then due to a single collision 
the change of velocity is u cos ġ+ev cos 0 and the change of 
momentum is m (u cos $-4-ev cos 8). This change of momentum 
taking place within a very short time acts as an impulse, handed 
on to the plane surface during the act of collision. If the ball 
collides n times per second under similar conditions, then the 
total change of momentum per second is mn(u cos $--ey cos 6). 
By the Second Law this quantity acts as the force exerted by 
the collisions on the plane surface. This principle is applied 
in the theory of gas pressure on its bounding wall due to 
molecular collisions on the wall. 

Examples : 

1. A glass marble, whose mass is one ounce, falls from a height of 25 
ft. and rebounds to a height of 16 ft. ; find the impulse and the average 
force between the marble and the floor if the time during which they are 
in contact is 0*1 second, the acceleration of fall being 32 ft. EAT 1951) 

ag. U.—195 

Ans. Let the velocity of the marble at the instant of colliding against 
the floor be v ft./sec. When falling from rest through a height of 26 ft. 

v9—0?--2x 3225, whence v=40. 

When rebounding toa height of 16ft. let the velocity of start just 
after collision be v, ft./sec. Then, 

02=v,*—2x 32x16, whence v, =32. 

The direction of velocity being reversed after collision, the change of 
velocity is evidently (40432)=72 ft. per second and consequently the 
change of momentum of the ball is Ax 72 ft. pound per sec,=4°5 
poundems=impulse handed on by the marble to the floor during & period 
of 0*1 second. 

Again, since force x time- impulse, 

the required force=impulse+time=4°5+0°1 =45 poundals. 

40.; Composition of Forces—If a particle is simultaneously 
acted on by two forces in the same straight line and in the 
same direction, their resultant is equal to the sum of the two 
forces and acts in the same direction. If the two forces act in 
opposite directions, the resultant is equal to the difference of 
the two and acts in the direction of the greater of the two 
forces. If two forces act in directions inclined to each other, 
their resultant is found by the parallelogram Law enunciated 


below : 
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Parallelogram of Forees—If two forces, acting simulta- 
neously at a point, be represented in magnitudes and directions 
by the adjacent sides of a parallelogram drawn from a point, 
their resultant is represented in magnitude and directien by the 
diagonal of the parallelogram passing through that point. 

Thus, if a particle at O be acted upon simultaneously by two 
forces p and q, represented in magnitudes and directions by OA 
and OB respectively (Fig. 53), the diagonal OC represents the 
resultant in magnitude and direction. Proceeding as in Art. 21, 
it can be shown that the resultant R is 
given by the equation 8 c 

R?=p? +q? « 2pq cos « +++ (40, 1) 
where « is the angle (AOB) between 
the directions of p and q. 

If the direction of R is inclined at 
an angle 6 to that of p, then 


Fig. 53 


qsin« | di 
p--q cos & 40.2) 
When the two forces act at right angles to each other. 


R*—p' t d*, or, R-V/53-:33 and tan 8—4l 
—q[p. se (40,3) 
Since a force has some magnit irecti it i 
vector. According to Art. 24, iM eee irae wr 
—X——— — 
pt g=R eos (40,4) 
Experimental Verification—Take i ! 
a point O and attach the other ends Mu uus a at 
spring balances L, M and N 
(Fig. 54). Attach the spring 
balances to hooks fixed on a 
drawing board in such a way 
that the strings are kept well 
stretched. From the readings 
of the balances find the 
forces acting along the 
strings and let them be repre- 
sented by p, q and R respec- 
tively. Now on the paper 
Fig 54 UR the ped mark the 
ion of. p, i 
Measure lengths OA and OB to represent p and AES ay 
Complete the parallelogram OBCA and join OC. It is found 


tan 0— 
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called the equilibrant of p and g, since the three forces together 
keep the point O in equilibrium. sie! 

illustrations of the Principie—A ship being towed by two 
tugs in two different directions will not move in the direction 
of either but will take an intermediate dircetion, which can be 
obtained by Parallelogram Law. 

A bird while flying in air strikes air with wings and so air 
reactions act in the opposite directions (Fig. 55). If these 
reactions OY and OX are represented in magnitudes and 
directions by OA and OB respectively, the diagonal OC of the 
parallelogram OACB represents in magnitude and direction the 
force which makes the bird move forward. By varying the 
muscular effort of either wing the corresponding reaction may 
be altered and hence the direction of the resultant, i.e. the 
direction in which the bird flies, may be changed. 


Resolution of a Force— 
A single force can be resol- 
ved into any two or more 
component forces. When 
two component forces act 
at right angles to each 
other, each component is 
termed a resolute or the 
resolved part of the given 
force in. that particular 
direction. In Figure 43 a 
vector R is represented by 
OS in. magnitude and : 
direction. If 4 and y be ge Fig. 55 
resolved parts represented by OP and OQ and /SOP-«, i 
has been shown that P—OS cos « and oos sin e pen 


Some Practical Ilustrations—The following cases 
illustrate the resolution of forces. 

Pulling of a Boat by a single Tug- Suppose à boat is 
pulled by a single tug attached to the mast at O and det the 
pulling of force be represented by OR (Fig. 56). This force 
can be resolved into two components, viz, OA parallel to 
the length of the. boat, and 
OB normal to it. The former 
pulls the boat ahead, while 
the latter tends to move it 
sideways. Thesideway motion 
is less effective, since water 
ý exerts a large reaction to the 

Fig. 56. entire length of the boat and 
the inclination of the rudder D helps to increase this reaction. 

Sailing of a Boat—Let AB represent the length of the boat, 
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CD is the sail and WC is the direction of the wind (Fig. 57). 
Let CE represent the force exerted by 
the wind on the sail in magnitude and 
direction. If this force is resolved 
into two components, viz., CF perpen- 
dicular to the surface of the sail, 
and CD along the surface, only the 
former component would be effective 
in exerting a pressure on the sail, 
while the latter component would 
glide past the sail. Let CF be now 
resolved into two components, viz., 
CK along the length of the boat 
and CH at right angles to it. The 
component CK tends to move the boat < 
forward, while CH tends to move it sideways. But owing to 
great resistance offered by water to motion in this direction 
and also to that caused by proper inclination of the rudder, 
the component due to CH is almost ineffective and the boat 
moves forward due to the component CK. This shows how 
with the proper adjustment of the sail, a boat can advance 
even partly against the wind. In days past, before the intro- 
duction of steam power, ships had to be steered on high seas 
almost in any direction irrespective of the motion of wind by 
only adjusting a number of sails. 

Action on Bicyele Crank—Let the position of the crank AO 
be oblique at an instant, as shown in Figure 58. Let the foot 
press the pedal vertically downwards with a force represented by 
OR. This force can be resolved into two components; OA 
which is along the crank and OC which is perpendicular to the 
crank. Only the component OC is effective in driving the cycle, 
while the component OA is entirely inoperative. Evidently 
then, when the pressure of the foot acts normally to the crank 
in its horizontal position, the most effective is the pedalling. 

Moving a Lawn Roller—When pulling a road roller as shown by 
the Position P, the force exerted by the hand may be represented 
by DE (Fig. 59 left). This can be resolved into two components :— 
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_DF and EF, parallel and perpendicular respectively to the sur- 
face of the ground. The former is effective in dragging the 
roller, while the latter acting vertically upwards decreases the 
pressure on the turf, caused by the weight of the roller. When 
pushing the roller as shown by the position T, the force applied 
is given by AC (Fig. 59 right) and the component BC of 
applied force is effective in moving the roller, while the compo- 
nent AB acting downwards adds to its weight It thus increases 
the pressure exerted by the roller on the ground and makes 
the job difficult to push the roller. Similarly, it is easier to 
pull a parambulator than to push it. 


Flying of a Kite—Suppose a kite K is flying in air (Fig. 60). 
The kite is acted on simultaneously by (i) its own weight W 
acting vertically downwards, (ii) the tension T of the string, and 
(iii) the whole pressure on its surface due to the wind. Let the 
effect due to the pressure of the wind on the surface of the kite 
be taken to bea single force, acting at K and represented by 
DK. Let the weight W be represented by KA, and the tension 
of the string by KB. So that there are three forces acting on 
the kite at any moment. Let the resultant of the tension T and 
weight W be represented by KC. The wind pressure, represented 
by DK, can be resolved into components EK, along the face of 
the kite and the other along CK perpendicular to the face 

E of the kite. The compo- 

nent EK glides over the kite 

and has little effect. If this 

latter component be exactly 

equal to and opposite to the 

resultant KC, the kite remains 
in equilibrium in air. 

If the wind pressure be 
higher, the normal component 

Fig. 60 also increases and the kite rises 
up, until the resultant of T and 
W again becomes just equal and 
opposite to the normal component so as to produce equilibrium, 
Again, when the wind pressure decreases, the kite comes down. 
If the wind pressure remains the same and the string is let loose, 
the tension T decreases so is the pressure and hence the kite 
dips down. When the wind is gusty, the magnitude and direction 
of its pressure change suddenly and the kite moves irregularly. 
This is diminished by attaching a tail L to the kite, which 
increases the inertia and opposes any sudden movement. Near 
the ground, where the wind pressure 1s less, the man flying the 
kite is to run fast to produce a sufficient wind thrust upon the 
kite; but when the kite rises to a height, the thrust is consi- 
derable and running may not be necessary. 
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Sides AB, BC and CA of the triangle ABC, taken in order, will 
be in equilibrium. The Statment ‘taken in order’ means that 
the direction of the three forces must go round the triangle, all 
in the same direction, clockwise or counter-clockwise. 

The converse of Triangle of Forces may be stated thus.—7f 
three forces acting at a point are in equilibrium, they can be 
represented in magnitudes and directions by the sides of a triangle 
taken in order. 


Some Practical Illustrations —The following cases illustrate 
the principle of triangle of forces 3 


equilibrium under the action of three forces, viz., (i) weight W 
of the picture, (ii) the bap ou T. ofthe cord represented by 


Let ab represent the weight 
W of the picture in magnitude 
and direction (Fig. 61 i; J 
Draw be parallel to AO and ac 
parallel to OB meeting each 
other atc. Then be and ca 
represent tensions T, and T; 
respectively, and as the same 
cord passes round O, tensions 
T; and T, are equal. If the 
cord is shortened, as indicated E 
by ANB. the tension increases, Fig. 61 
for the triangle abc now takes the form of the dotted triangle 


abe. Evidently, if the cord is Shortened too much, if is under 
higher tension and is more likely to Sap. 


(i) 


E Simple Crane—A simple crane consists of a stout vertical 
pillar to which a movable rod Ris hinged at the base. A 
Pulley is fixed at the other end over which a chain or a wire 
rope can run. A weight W to be lifted. is tied at one end of 
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"y 
for A, $a Vg d and for B, p= Vi8=3- This ratio from either of the 


cases is found to be 3 : 2. 

3. The turning points of the pointer of a balance were observed to be 
successively 13, 8, 11. With the body on the left pan and 24'82 gm. on the right 
pan,the turning points were 14,9,12. Onadding 10 more milligrams to the 
weights, the turning points became 10, 3, 8. Calculate the correct weight of 
thebody. The pointer scale is graduated from 0 to 20. [Mys. U.—1952] 

Ans. Supposing the scale of the pointer to begin from the left, it is evident 
from the sets of reading of the turnirg points that for any set two readings were 
taken to the right, and one to the left. Hence, the resting point in each case is 
to be found thus : 


(i) When the pans are empty and since= 13411 212, 


Resting pointe 2510. 


(ii). With the body on the left pan and 24:82 gm. on the right, since 
t s, Thus the resting point= 9-11, 

This shows that body, which is kept on the left pan, is heavier than the 
weights placed (=24°82 gm.) on the right pan by a load which shifts the 
resting point by one division only. 

108 


(i) With the addition of 10 mgm.="01 gm., since er 


Then the resting point is $1326. 
Thus 5 divisions of resting point are shifted for “01 gm. 
^, divlsion » is ., for 002 gm. 


Hence the true weight of the body=(24'82+002) gm.—24'822 gm. 


65. Centre of Gravity—Any material body may be supposed to 
consist of a large number of particles bound together. Due to 
gravity every such particle is attracted towards the earth with a force 
proportional to the mass of the particle (Fig. 94). All the component 
forces act towards the centre of the earth. But since the centre is at 
a large distance from the surface of the earth, all the forces may be 
considered to be parallel and acting vertically downwards. The 
resultant of these parallel forces is thus equal to the weight W of ihe 
body acting vertically downwards at a single point. This point is 
called the centre of gravity (written as C.G.). Thus, in Fig. 94, a, 
b,..m, n, etc., represent the particles of the body, whereas the arrow- 
heads indicate the individual weights. The point G representing 
the point of application of the resultant is the centre of gravity of 


the body. 
When the body is rotated to a different position, the attractions 


on the particles still remain the same in magnitude and direction, 


being parallel to one another and so the resultant passes. through the 


same point as before. 
Hence the centre of gravity of a body is a point fixed relative to it, 
through which the resultant force due to earth's attraction on all the 


Pt. I/G—7 
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particles constituting the body always passes, in whatever way the 
relative position of the body changes, 
provided the size and shape of it 
remain unaltered. In other words, 
the centre of gravity of a body is 
the point through which the line 
of action of the weight always 
passes, 


As the line of action of the 
weight of the body passes through 
its C.G., a force equal to the weight, 
which acts through the C. G. in a 
vertically upward direction, would 
keep the body in equilibrium. Thus 
if a body is suspended by a String, the C. G. lies vertically below the 
point of suspension. 


Centre of Mass—If we consider the masses of the particles 
constituting a body and if a system of parallel forces proportional im 
magnitude to the masses of the Particles be drawn, the point, at which 
the resultant of all these forces may be supposed to act, is called 
the centre of mass or mass centre of the body. Hence, it is the point, 
at which the whole mass of the body may be supposed to be concen- 
trated. If the forces, proportional to the masses, be all drawn in 
the vertically downward direction, the centre of mass coincides with 
the C. G. of the body. The centre of mass is all important in the 
motion of a body in free space where there is no gravitational force, 


C. G. of Symmetrical Bodies—The position of the C. G. of a body 
can be determined from the Principles of Statics. But in some simple 
Cases, it may be inferred from the considerations of Symmetry, the 
bodies in such cases being Supposed to be of uniform density 
throughout. 


For example, the centre of gravity— 
(1) of a uniform straight rod, a piece of wire or a beam, etc., is 
at the middle point of its axis ; 

2) of a uniform circular lamina or a Sphere is at its geometrical 
centre 5 

(3) ofa uniform circular ring is at the centre of the circle " 

(4) of a uniform parallelogram or a regular parallelopiped is at 
the intersection of its diagonals ; 


.() ofa uniform cylindrical body, solid or hollow, is at the 
middle point of its axis ; 

(6) ofa uniform triangular plane is at its centroid. 

66. Determination of the C. G. of a Lamina—When a body is 
freely suspended from a point by a string, the C. G. of the body lies 
somewhere on the prolongation of the string by which the body is 
suspended. 

Take a thin sheet of a Metal piece and suspend it by a string 
attached to some point near its edge (Fig.95). Hang a plumb line 


Fig. 94 
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from the point of suspension and trace on the sheet a vertical line 
through the point of suspension, In asimilar manner suspend tbe 
Sheet at two or three different points and find, as before, the vertical 
line through the point of suspension in each case. It is found that the 
verticals cut one another at a single point G. The point G is the 
required centre of gravity of the sheet. 


The centre of gravity of a lamina may 
also be found by balancing it on a hori- 
zontal edge. The plate is placed on a 
table and moved towards the edge, until 
it is just on the point of toppling over. 
A line is then drawn on the undersurface 
of the lamina along the edge of the table. 
The C. G. of the plate lies somewhere on 
thisline. By turning the plate and pro- 
eeeding as before, another line is obtained. 
The point of intersection of these two 
lines gives the position of the C. G. of 
the plate. If the plate is supported at 
this point, it remains balanced. The 
centre of gravity of an object of small 
thickness (e.g., a bicycle) may be deter- 
mined by the method of suspension or 
balancing. But, in any case, the steering 
arm must be fixed rigidly, as any change 
of position of the front wheel will alter the position of the centre of 
gravity of the bicycle. y 

67. Equilibrium of Bodies—If a body remains at rest under the 
simultaneous action of two or more forces, it is said to be im 
equilibrium. As the weight of body acts vertically downwards 
through its C. G., the resultant of the reactions at the point of 
support of the body in equilibrium must act vertically upwards 
through the C. G. of the body. So in the case of the body, supported 
at one point (for example, when suspended by a string attached at 
one point or when balanced on a pivot), equilibrium is possible, 
when the C. G. of the body either coincides with the point or is 
above or below the point in the same vertical line. Further, the 
force supporting the body (or the force of reaction) at the point of 
support must be equal and opposite to the weight of the body. If 
body is supported at two points, the resultant reaction passes through 
some intermediate point and so for equilibrium the vertical through 
the C.G. of the body must lie between the two points of support. 

In the case of a body supported at three or more points (for 
example,a tripod stand or a glass tumbler placed on a table), the area 
obtained by joining successively the outermost points of support is 
called the base of the body. Equilibrium is possible, only when the 
vertical through the C. G. falls within the area of base. For, in that 
case, the resultant reaction may pass through the C. G. of the body. 
If it falls outside, the body overturns and takes a new position of 
equilibrium, in which the vertical falls within the base. If a rectez- 


Fig.95 
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gular block of some heavy materialis gradually inclined, it will be 
found that so long as the vertical through the C. G. of the block 
falls within the base area, the body will not topple over, whatever 
its inclination may be. 


Evidently then, the wider is the base, the greater is the stability 
of the body ; for, even if the body is sufficiently inclined, the vertical 
may still pass through the base. This is clearly shown by the Leaning 
Tower of Pisa and a certain building at the Varanasi Ghat. Again, 
a quadruped stands or walks more stably than a man. A table with 
an extended base may not turn over, even when a heavy weight is 
placed on one side of the top. To make it more stable, a mucilage 
bottle is given a conical shape with a wider base. In the ordinary 
erect position the C. G. of a man is nearabout his navel ; under 
different conditions, the man changes his form to come to a stable 
position. Thus a man carrying a heavy load in one hand (say, the 
right) bends his body towards the left and often extends the arm on 
that side at full length. . Here the C. G. of the man with the load is 
shifted towards the side of the load. But by a suitable bend of the 
body or by a proper extension of the hand towards the left, the 
C. G. is shifted. In fact, it is easier to walk wiih two equal loads, 
one in each hand, than with the two in one hand. If the man carries 
the load on the back, he bends his body forward. When a man is 
seated on a chair with the legs hanging down, he is in an equilibrium 
position. If he inclines himself backwards, so that the chair rests 
on the two hind legs, the man has to extend his legs forward as far 
as possible. In a circus show while walking on a rope, the performer 
holds in his hand a Jong pole or an open umbrella, which helps him 
to keep the C. G. vertically above the rope. Ga 


68. Different States of Equilibrium—It has been explained that 
a body remains in equilibrium, whenever the resultant upward 
reaction passes through the C. G. of the body. The static equilibrium 
(i.e., the equilibrium of a body at rest) may be of three kinds, 
namay stable, unstable and neutral. 
A body is said to be in a stable equilibrium position, if on being 
a slightly displaced, it tends to come 
\ back to its original position. Thus 
a table or a cube resting on its 
side, a right circular cone (Fig. 
96 P), a funnel resting on its base 
and a pendulum at rest are 


e resting on 
alanced on the finger and an egg 
of unstable equilibrium. 

l equilibrium, if on being slightly 
t urns to its original position nor moves farther 
away from it, but remains in its new position as before. A uniform 


| 
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sphere ona flat surface, a right circular cone (Fig. 96 B) and a 
cylinder resting on its side are examples of neutral equilibrium. 


A body always tends tokeep the position of the Centre of Gravity 
as low as possible and the three states of equilibrium depend on the 
relative position of the centre of gravity. In all cases of stable equili- 
brium, the C. G. occupies the Jowest possible position, so that a slight 
displacement tends to raise the position of the C G. Hence, the body 
returns to its original position as soon as it is free to do so. In all 
cases of unstable equilibrium the C. G. occupies the highest possible 
position, being always higher than the point of support; so that a 
slight displacement tends to lower the C. G. and thus bring the body 
toa more stable position. In all cases of neutral equilibrium, the 
C. G. is neither raised nor lowered by a slight displacement of the 
body and so the body remains in any position. 


For a body supported at one point, the point of support is higher 
than the C. G. in cases of stable equilibrium, lower than the C. G. in 
cases of unstable equilibrium and coincides with the C. G. in cases of 
nautral equilibrium. To keep the C. G. at the lowest possible 
position a ship is loaded with ballast and a wagon is loaded with 
heavy materials atthe bottom. For the same reason the lower deck 
of a double-decker omnibus should be loaded more and it is risky for 
too many passengers to go up on the higher deck. 


69. Static Equilibrium and Potential Energy—A body is in 
equilibrium position when its potential energy is either a maximum or 
aminimum. If its potential energy is maximum, any disturbance 
gives rise to a couple tending to rotate the body further. Thus 
when the potential energy of the body is maximum, its equilibrium is 
unstable. Again, when the potential energy is minimum, any distur- 
bance sets up à couple tending to bring back the body to its equili- 
brium position. Thus when the potential energy of a body is minimum ` 
its equilibrium is stable. In a state of neutral equilibrium, the 
potential energy of the body remains constant for any small displace- 
ment. 

Dynamic Equilibrium—A body in motion may be in stable equili- 
brium in a position, in which it is unstable when at rest. The equili- 
brium in this case depends on the motion of the body and the body 
is said to be in a state of dynamic equilibrium. A rotating top and a 
cyclist in motion furnish examples of such cases. 

70. Simple Harmonic Motion—A body is 'said to execute a 
Simple Harmonic Motion (S. H. M.)* when it shows the following 
characteristics :— 

* For a de'ailed study of Simple Harmonic Motion, the student is referred 
to Chapter IL of the part on Sound of this Book (PartI). In short, if x be the 
displacement of a particle of mass m, measured at time ¢ from the position of 


equilibrium and if k be restoring force per unit displacement, the equation 
of S. H. M. may be written in the form : 


za sin (V *- Lan d 
x=a sin (Ec , Iwe put acu then x—a sin (wt+6) 
where a=ampl tude of oscillation and à is a constant known as epoch. 


c-—— 
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(i) The motion is periodic.—This means that the body in motion 
passes through the same succession of positions after cach definite 
interval of time. j ; 

(i) The motion is assumed to take place in a straight line, such 
that the acceleration of the body is always directed towards a fixed 
ean position called the position of equilibrium. v 

(ii) The magnitude of the force acting on the body at any point in 
itspathis proportional to its displacement from the fixed mean position. 


71. Pendulum—A simple pendulum is defined to be a heavy point 
mass, suspended by a weightless inextensible and perfectly flexible 
string from a fixed point, about which the pendulum oscillates without 
friction. Evidently, it is not possible to have such a pendulum in 
practice, for we cannot isolate a single material particle. Nor can 
we get a perfectly inelastic and weightless string which can oscillate 
without friction at any point. The nearest approach to such a 
pendulum consists of a small. heavy metal ball, suspended by a very 
thin and inelastic thread. A compound pendulum consists of a heavy 
mass supported in such a way that it is capable of oscillating freely 
än a vertical plane about a fixed point or a fixed line as axis. A prac- 
tical form of acompound pendulum is that of a clock, which consists 
of a rigid rod having at its lower end a heavy metallic mass and is 
capable of a turning about an axis at the upper end. 


The heavy spherical mass A (Fig. 97), suspended at the end of the 
string, is called the bob of the pendulum. The distance between the 
point of suspension O and the centre of gravity of the bob is called 
the effective length of the pendulum. One complete to-and-fro move- 
ment of a pendulum is called an oscillation. A pendulum is said to 
execute one complete oscillation, when starting from any point in its 
path, it comes back to the same point, moving in the same direction. 
Thus when the bob starts from A, moves to B, returns to A, moves 
towards C and is back to A, it makes one complete oscillation. The 
maximum displacement (AB or AC) of the bob on either side of its 
position of equilibrium is called the amplitude of vibration. The time 
to perform one complete oscillation is called the time period (or 
Simply, the period) of oscillation. 


‘The number of complete oscillations performed in one second by 
a vibrating body is called the frequency of vibration. If the period 
be the T and the frequency of vibration be n, then 

nT=1 or, n=. 

The phase of a body executing an S. H. M. gives the state of 
motion at a particular instant and thus determines the instantaneous 
perd of the body in the path and the direction of motion at that 
instant. : 

72. Motion of a Simple Pendulum.—Let a Spherical bob A of 
mass m be suspended by a string of length / from the point O (Fig. 


97). , When at rest at A, the weight of the bob is just balanced by the 
tension of the string. 
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Now displace the pendulum through a small angle 0 so as to take 
up the position OB. Resolve the weight mg ofthe bob acting verti- 
cally downwards into mgx cos 0 along BD 


(which is OB produced) and mgxsin 6 ^ 
along BE which is drawn tangential atB to fb 
the path AB. The component mg cos @ is / 9. 
balanced by the tension T of the string act- / NU 
ing along BO. The tangential component H k 
mg sin 0 is the only effective force which / X 
tends to move the pendulum towards the y x 
position of equilibrium at A. / \ 
E ; c B 
Now if is very small, elementary é. 227 
i P) ; arc FAE (e) 
trigonometry gives sin 0—0— — — 
radius D 
; TE. 
M AB_ displacement Fig. 97 i 
OB length of pendulum (/) i 
.. Effective force=mg sing - "TE x displacement. (72,1) 
Thusthe acceleration of the bob at the instant under consideration 
is given by Fx displacement, (72,2) 


t As g and / are constants,the acceleration alongthe path cf motion 
is proportional to the displacement from the mean position of rest. 
Hence the motion of the bob is simple harmonic in nature. 


It can be proved that T=2n}/ i (72,3) 
g 


[For details, Vide ‘SOUND’ Art. 8. See also footnote pp. 104] 


73, Laws of Pendulum—The oscillation of a simple pendulum is 
governed by the following laws :— 

Law I. Law of Isochronism—The oscillations of a simple pen- 
dulum of a given length are isochronous. This means that oscillations 
take place in equal intervals of time, provided the amplitude is small 
(within 4° to 5° of the angle of oscillation on cach side). The first 
law was discovered in 1583 by Galileo (1564-1642) who casually. 
noticed the swings of a lamp hanging by chain from the roof of the 
Leaning Tower at Pisa. For a mensure of time he counted his pulse 
beats during one oscillation of the lamp. To his surprise he found 
that in all cases equal number of pulse beats occurred for every 
oscillation no matter whether the oscillation of the lamp was large 
or small. 


Law IL—Law of Length—The period of oscillation of a simple 
pendulum varies directly as the square root of its effective length. 


If T be the period of oscillation and / be the effective length, then 
To y/l. Thus if the length of the pendulum be increased 4,9 or 16 
times, the period will be 2, 3 or 4 times as large respectively. As the 
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length of a pendulum changes with temperature, the period will be 
slightly affected by changes of temperature. 


The law of length also was discovered by Galileo from the same 
observation. The laws were afterwards verified by him by more 
accurate observations. In 1658 Huygens (1629-1693) first applied a 
pendulum to regulate the motion of clocks. 


Law III. Law of Gravity—The period of oscillation of a simple 
pendulum is inversely proportional to the square root of the accelera- 
tion due to gravity at the place of observation. If *g? represents the 
acceleration due to gravity, then T«cl| y/g. 


If the pendulum be taken from one place to another, where the 
value of g is greater, the period will be smaller. This means that the 
pendulum will vibrate more rapidly with increasing gravity. 


Law IV. Law of Mass—The period of oscillation of a simple 
pendulum is independent of the mass or the material of the bob, pro- 
vided the effective length remains the same. 


The period would remain the same, so long as the distance from 
the point of suspension to the centre of gravity of the bob remains 
unaltered, even if the bob be of different size or of different material. 


Ifa simple pendulum be made of a thin String and hollow sphe- 
tical bob, its effective length is the distance between the point of 
suspension and the centre of gravity of the bob. If now the bob is 
half-filled with the mercury, the centre of the bob (and hence that of 
the system) lowers down resulting in a larger effective length. Conse- 
quently its time period becomes greater. But if it is completely filled 
i C. G. LIRE to the centre of the bob and there is no change in 

e period. 


From eqn. (72,3) we conclude 

(i) that if/ and g are constant T is constant — ... Laws I & IV) 
(ii) that if g is constant, Te yl (Law II) 

and (iii) that if Zis constant Tccl/ Vg +» (Law III) 


* By (72,1) the restoring force per unit displacement= 
amplitude AB=AC=a (Fig. 97) and if the displacement mened ud x dee 


time ¢ be x the i i i s 
in the form X equation of motion of the simple pendulum can be written 


x=a sin (yes ) Or, x—a sin (ree) (72,4) 


where $ isa constant. If the period of the sim 
: OR h ple pendulum be T, t 
€ach interval of time T, the displacement x will have the same value, hen after 


Thus x=a sin [ dena] Or, x—a sin [ Z "m 
ys Vite tue 
Equations (72,4) and (72,5) are satisfied, if only l Se 
y Up whence T=2r yz 


í 


ART, 74 GRAVITATION AND GRAVITY 105 


74. Verification of the Laws—To verify the laws, take a small 
meial ball suspended by a fine thread from a hook attached toa 
suitable stand. (Vide J. Chatterjee’s Intermediate Practical Physics.) 


First Law—Set the pendulum into oscillation in a vertical plane, 
taking care that the amplitude is very small. By means ofa stop- 
watch, note the total time required to perform a number of complete 
oscillations, say 20. Then dividing the time by the number of oscilla- 
tions, calculate the time period. Repeat the experiment with different 
amplitudes up to the limit of 8° and find the period in each case. It 
will be found that within the limits of experimental error the time 
period in all cases is the same. 


Second Law—-Take a pendu- "T 

lum, the length of which can be Li 
altered. Measure the diameter 
of the bob at several places by a 
slide callipers and get the mean 
radius. To this add the length of 
the string. The sum gives the 
effective length of the pendulum. 
Note the time required for a 
given number (say, 20) of com- 
plete oscillations and hence find 
the time period. Change the 
length of the string to different 
values, and in a similar way find 
the time period in each case. 
Take a set of readings as shown 
inthe following table. Squarethe 5 i 
time period T and divide it by 4p 60 80 100 120 10 
the corresponding length /. LENGTH OF PENDULUM IN CM. 


TI 
i 


TIT 
+ 


TIME PERIOD OF VIBRATION IN SEC 


5 


x T?. 
It will be found T is a cons- 
tant, that is, Tæ y1. 


Fig. 98 


Effective Square of Effective Square of 
Length of Period Length of Period 
Pendulum 4 in sec? Pendulum in sec.? 
in em. (7) (T3) in cm, (l) (T3) 


200 0:79 800 317 
300 à 119 9070 3°61 
40'0 159 100 404 
500 1:99 110 458 
6070 241 120 480 
70'0 ft echt 130 515 


The relation between the length of a pendulum and the time 
period can be represented by the graph (Fig. 98), in which the 
length (/) is measured along the abscissa and the corresponding 
time period (T) along the ordinate. The graph will be found to be 
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parabolic in nature. From the mathematical relation between / and 
T a parabolic form is evident. But since T* »/, the graphical relation 
js linear as shown in fig. 99. When a pendulum clock gains or loses, 
it is regulated by altering the effective length ofthe pendulum by 
lowering or raising the bob by a screw nut below it. 


Third Law—This law can be 

SiO EERE H verified by finding the period of a 

EHE simple pendulum of a given length 

at different places on the surface 

of the earth or at different altitudes 

above the same place. It will be 

found that for different places the 

product of the period of oscillation 

and the square root of the accelera- 
tion due to gravity is a constant. 


Then, TX 7/g=constant, whence 


Tx—. 
vs i 
A relation between T and 1/yg 
is a straight line. 


H E THREE Fourth Law—Take spheres of 

oT e QUID S 00.7 T different materials and of different 

PENDULUM LENGTH (M CH sizes as bobs. If necessary alter the 

f length of the string, but keep the 

Fig. 99 effective length of the pendulum 

the same in each case. Determine 

the time period of such pendulum in the usual way. It will be found 
that time period is the same in each case. 


= 

[e 
ITI 

mu 


SQUARE OFPERIOD IN SEC? 


os 
20 


75. Seconds Pendulum—A simple pendulum, which swings from 
one extremity to another in one second, is called seconds pendulum. 
Hence, the time period of a seconds pendulm is 2 seconds. 


By definition, therefore, we find from eqn. (72,3) that 
2 2. whence 1=—& (15,1) 


As the value of g varies from place to place on the surface of the 
earth and at different altitudes, the length of seconds pendulum is 
different at different places. Taking the average value of g as 981 cm. 
per sec. per sec., the cnrresponding length of the seconds pendulm is 
given by, z 


id cms.=99.39 cms. 


Again taking 2—32:2 ft. per sec?, 123220, 5278. 
There is some misconception about the nature of the pendulum 
clock. Although every such wall-clock is regulated by the periodic 
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motion of a pendulum, such a pendulum is neither a simple pendulum 
not it is generally a seconds pendulum. In a wall clock the pendulum 
is much shorter than the usual seconds pendulum and as such its 
beat-period is much less than a second. But by the proper 
adjustment of gear and release wheels, the minute hand of the clock 
is adjusted to rotate over a complete circle in one hour. However 
there is one type of Jarge clock, popularly known as Grand Father’s 
Clock, which is provided with an actual seconds pendulum. This 
clock is used in the Laboratory to standardize a seconds pendulum. 


76. Determination of the value of ‘g’ by the Simple Pendulum—It 
is evident from eqn. (72,3) that a simple pendulum furnishes a very 
convenient method of determining acceleration due to gravity at a 
place. For that purpose we note that, 


T=20y 5, or T?=dn*l, 


whence g-4d, (16,1) 

Taking a simple pendulum, its effective length (J) is carefully 
measured and the mean time period (T) is accurately determined 
from a number of observations. On substitution in eqn. (76,1) the 
value of g is calculated. Instead of taking the mean value of T, 
the values of / and T? may be plotted on a graph as in Fig. 99 
from which the mean value of //T? is obtained. Thus on substituting 
in eqn. (76,1) the value of g is found. 

If the experiment is performed at the same place but with bobs 
of different substances, it will be found that so long as the length of 
the pendulum remains the same, the time period will be the same at 
the same place. This shows that acceleration due to gravity at the 
same place is the same for all bodies. 


Variation in the value of T at different places—As the value of g 
varies from place to place, the value of the time period T of a simple 
pendulum of a given length also changes. Thus if g decreases, T 
increases, and vise versa. It has been explained in Art. 52 that the 
value of g increases from the equator to the poles. Hence if a pen- 
dulum clock be taken from the equator to the poles, T decreases and 
so the clock gains ; this means that it goes faster. Again, if at the 
same place, the clock is taken from the surface of the earth to the 
top of a mountain or to the bottom of a mine, the value ofg 
decreases and so T increases : hence the clock loses, meaning that it 
goes slower. Within an orbiting satellite moving in a circular orbit 
any object is weightless. If then g becomes zero, the pendulum 
will not move at all. 


Examples : 
1. Find the length of a simple pendulum beating £ths of a second ata 
place where the value of g is 980 cm. per sec.?. 


Ans. Let the length of the pendulum be / cm. 
The time period T of this pendulum—(2X£' secs,—$ secs. 
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Then we have 


an 1 3 Aui. e Te ired length (I 
980732 or, | AY 4x 14162 whence the required length (/) 
2:55:85 cms. 


2. ^ faulty seconds pendulum loses 20 seconds per day. Find the required 
alteration in its length so that it may keep correct time; given g—32 ft. sec.?. 
[Pat. U.—1953} 

Ans. Let the length of the faulty seconds pendulum be / ft, and the 
alteration in its length in order to make it correct be x ft. Since it is 


losing time, its ef'eetive length must have increased and so its correct length 
should be /—x. 


A correct seconds pendulum beats seconds and hence by the standard 
formula we get 


ry- or, a] X er tne): 

The faulty pendulum loses 20 seconds a day which consists of 86400 

seconds; and so i's number of beats in one day =86400—20=86380. Its time 
for a single beat is, 


therefore. = 86100 


86380 
Hence u}// _*6400 
NE d inan BA 
86400)? 6400) ° „32 
on Sihem). on iso ak o A 


— 2 
Now by eqn. (1), M or, I-ra or, Ix (4) 


From eqn. 2. and (4), we Fs 


m om). X X 


Rot 32 a 
or, xa Cc imma d — 
36380) ipa G aL (+ ES 1] 


32 
"ied ^on" 1], nearly = aos X gs0? 015 f (nearly) 


This gives the desired alteration in length in feet. 
3. A pendulum, which ke t the fe 
Teahouse e dA m wl eps correct time at the foot of a mountain, loses 


en taken to the top. Find the height of the mountain. 
(Neglect the attraction due to the mountain and take the radius of the earth 
as 21 x 108 feet.), 


Ans. Let the height of the mountain be Aft. 


die to gravity at tiie Denote the acceleration 


Oot and the top of the mountain by g and g’ respectively. 


1 1 21 e 

M PS ng g X106 4h 

*— ixi 'Qixiorzj! 9^ y7 vienes "e 
The pendulum makes 86400 and 86384 Mat t 

and top of the mountain, ina day of E ah jp meg 


Yen ae at T _ 86400 whene Pare, 


E Su a (2) 
21x 1054-4 \% 
Combining [1] and [2], ou 21x100 ) -s oN: or, i+ i 


dd. whence the required height /=389] ft. (approximately). 
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EXEROISES ON CHAPTER IV 


1. What is meant by the phrase “Constant of gravitation is 

66x 1078 C. G. S. unit” ? ( Raj. U.—1954 ) 

2. State Newton's law of gravitation. Obtain an expression 

for the acceleration due to gravity in terms of the mass of the 
earth, radius of the earth and the gravitational constant, 

A ( Raj. U.—1955 ) 

3. What is meant by acceleration due to gravity ? How does 

it vary from place to place? How does the rotation of the earth 

affect this quantity ? ( Cf. Raj. U.—1955; And. U.—1961 ) 


4. Distinguish between mass and weight. How are the mass 
and weight of a body affected by variations of latitude? Is 
weight an essential property of matter ? (C. U'—1956) 


5. Astone is dropped from arising balloon at a height of 
200ft. above the ground and it reaches the ground in 6 ccs. 
What was the velocity of the balloon just at the moment when 
the stone was dropped ? ( C. U.—1952 ) 


Ans. 6276 ft. per sec. (upwards). 


6. A body of mass 50 gm. is allowed to fall freely under the 
action of gravity. What is the force acting uponit? Calculate 
the momentum and the kinetic energy it possesses after five 
seconds. [g=980 cm. per sec.?.] 

(Del. H. S.—1951 ; C. U.—1947) 
Ans, 49x10? dynes ; 245X10? gm. cm./sec. ; 60°025x 16" ergs. 

7. Describe an Atwood's machine and explain how you 
would use it to determine the value of g in the laboratory, 

(Pat, U.—1955) 

8. Describe an experiment to show that acceleration of a 
body falling freely under gravity is uniform, (Utkal U.—1954) 

9. A stone is let fall from the top of a tower 180 ft. in height, 
and at the same time another is projected vertically upwards with 
a velocity of 60 ft. per sec. Find where and when the two 
wil] meet. 

Ans. 36 ft. above the ground ; 3 seconds later. 


10. A ball is thrown horizontally from the top of a tower 
with a velocity of 80 ft. per sec, Show thal the curve traced by 
the ball is a parabola. (Del. U.—1942) 

11. A body weighing 200 Ibs. is tied toa rope and lowered 
with an acceleration of 5 ft./sec.?. Find the tension in the rope. 
What would be the tension in the rope, if the body is pulled up 
with an acceleration of 10 ft./sec.2? [g=32ft./sec,*] 

( Pat, U.—1954 ) 

Ans. 2400 poundals, 1400 poundals. 

12, A man weighing 12 stones on earth is standing on a lift. 
Find his weight as recorded by a weighing machine (or spring 
balance) when (a) the lift moves upwards with a uniform velocity 
of 10 ft./sec. ; (b) the lift moves downwards with a uniform 
acceleration of 4 ft./sec?, and (c) the lift moves upwards with a 
uniform acceleration of 4 ft. /sec.?. (U. P. B.—1942) 

Ans. 12 st. ; 105 st. ; 1355 st. 

13. Two masses of 80gm. and 100 gm. are connected by a 
string passing over a smooth pulley. Find the tension of the 
string when they are in motion. Find also the space described 
in 4 seconds, g being 981 C. G. S. (Mad. U:—1951) 

Ans. 87200 dynes; 872cm 
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Reference 
Art. 50 


Arts, 
50 & 52 


Art. 52 


Arts, 
53 & 54 


Art, 56 


Art 56 


Art. 57 


Art, 57 


Art, 58 


Art, 59 


Art, 59 


Art. 59 
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Reference 
Art. 64 


Art. 63 


Art. 63 


Art. 63 


Art, 64 


Art. 64 


Arts. 
11 & 72 


Art. 72 


Art. 72 


Art. 72 


Art, 72 


Art, 72 
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14. A common balance hasequal arms, each 20 cm. long. 
An unknown weight W, placed on the left pan, with 1 gm. rider 
mounted 5 cm, from the end of the left-side is counterpoised by 
15 gm. weight on the right pan. Calculate the value ot W. 

(C U.—1958) 

Ans. (Take moments of all the forces about the mid-point of 
the beam), W—1425 gm. 

15, Explain why a balance, which is sensitive, cannot by very 
stable. (Cf. Bom. U.—1955 ; Cf. Guj. U.—1962 ; P. U.—1952) 

16. Obtain an expression for the sensitivity on a balance. 
S'ate the requirements of a good balance, giving reasons. 

~~ (Guj. U.—1932 ; Cf. Bom. U.—1964 ; Poo. U.—1953) 

17. What are the requirements of a good balance? Explain 
them. (Guj. U.—1951, ’54; Raj. U.—1952, Cf. '545 Pat. U—1952. 
154; Utkal U.—1954 ; U. P. B.—1952, '55 ; C. 0.—1960 ; 

Dac, U.— 1934 ; Del. H. S.—1950; P. U.— 1952.) 

18. A balance has arms of equal length but pans of unequal 
weights. A body is found to weigh W, gm. in one pan and W, gm 
inthe other. Show that the excess of the weight of one pan 
over that of the other is (W4— Wg)/2. : 

(Raj. U.—1954) 


19. A dealer has correct weight ; but one arm of his balance 
is yhth part shorter than the other. Ithe sells two quantities, 
each apparently weighing 9:5 lbs, at Rs. 40 per pound. weighing 
one in one scale and the other in the other what will be gain or 
loss ? (Nag. U.—1952) 

Ans. Re.1 (loss). 

20 Whatis a Simple Pendulum? Prove that its motion is 
simple harmonic. Derive an expression for its period and 
justify its use as a time-keeper. (Poo, U.—1952) 


21. A pendulum of length 96 cm. loses 20 seconds per day. 
Find by how much must it be shortened to keep correct time. 
(Vis. U.—1955) 
Ans. $mm. 


22. A seconds penculum, which keeps correct time on the 
surface of the earth, is taken to the surface of the moon, Find 
the time period there, taking the mass of the earth to be 81 
times that of the moon and the radius of the earth to be 4 times 
that of the moon. 

Ans, 4'5 seconds. 


23. Apendulum, which beats seconds at a place, where 
g73202, istaken to a place, where g=32. How many seconds 
does it gain or lose per day ? 

Ans. It loses 27 seconds per day ? 


24. Apendulum clock keeps correct time in London ; but it 
loses 4 minutes per Cay when taken to the equator. What is the 
factor that causes theloss? In what ratio does this factor change 
in the present case ? E 
_ ANS. For a compensated pendulum the effect is due to change 
in the acceleration due to gravity which is less at equator. 


25. A Seconds Pendulum has a hollow spherical bob 
attached to its thread. Will the period alter, if the hollow bob is 
half-filled with mercury ? (C.U.—19 60) 


Ans. Yes, it will, 99:29 om. 


CHAPTER V 


WORK AND ENERGY 


771. Work—The term work gives us an idea of something being 
done. Work is said to be done by a force on a material particle when 
that force is able to displace that particle through some distance. If 
the particle is absolutely free to move and a force acts upon it, the 
result is a motion of the particle according to Newton’s Second Law 
of motion. Then wesay that work is continuously done by the 
force on the particle producing its accelerated motion. The work 
then appears as a moving or kinetic energy (Art. 80). Very often 
material bodies are made to move under an external force against 
some opposing forces. In scuh cases also the external force does 
work on the body ; and some work is done by the body against the 
opposing force. Thusa manin raisinga load does work on the 
load ; but the load does work against the force of gravity. A horse 
in drawing a carriage does work on thecarriage ; but the carriage in 
moving against the frictional forces due to road, etc., does work 
against the frictional force (vide Ex. 1pp. 113). 


Work done by a Force—The magnitude of thework done by a force 
is given by the product of the force and the distance through which the 
point of application of the force moves, provided that the direction of 
the force and that of the displacement coincide (Fig. 100). Thus ifa 
force P acting on a body displaces it through a distance s, the work 


done is given by W=Pxs (77,1) 
A i B Pado Y 2 AR P 
e—- o 
EE Ee ED SM TOP B Pcoso £m 
Fig. 100 Fig. 101 


If the direction of the force and that of the displacement are not 
the same, but make an angle 0 with each other, the component of 
the force in the direction of displacement is effective in doing work. 
(Fig. 101) In this case the work done by the force is given by 

W 2 Pcos0 x s (77.2) 

It is evident from (77.1) that if there is no displacement, no work 
is done. If a material particle is made to move through a distance $ 
right against a constant opposing force P,the work done by the 
material particle is PXs. Or, if it goes through the same distance 
making an angle @ with the opposing force, the work done against 
the force is PXs cos. Again, as a force has no component in a 
direction at right angles to its own line of action, no work is done by 
or against a force in a direction perpendicular to its line of action. 


Work done by a Couple—A couple has tendency to rotate a 
material body and when that body actually rotates under the couple, 
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work is done by the couple on the body. Here also from the same 
sense we measure the work done. Let the material body under the 
action of couple PP having as the arm A,B, move through an angle 
9 (Fig. 102), The points of application of the forces move through 
an equal arc A, Ap» or B,B, and these 
forces at every point of the arc are 

` tangential. Hence, the work done 
by the two equal forces is 2P Xarc 
AA (or arc B,B,,—2PXOA, 
x0 


“. W=PXA,B, x0—moment of 


the couple x angular rotation. Fig. 102 


78. Units of Work—The unit of work is the work done when a 
unit force acts through a unit distance in its own direction. 
Evidently, the unit of work depends on the units of force and 
distance. The absolute unit of work is the work done by the obsolute 
unit of force acting through unit distance in its own direction. 


In the F. P. S. system, the absolute unit of work is the work done 
by a force of 1 poundal in moving its point of application through a 
distance of 1 foot along the line of action of the force. This unit is 
termed a foot-poundal. In the C. G. S. system, the absolute unit of 
work is the work done by a force of 1 dyne in moving its point of 
application through a distance of 1 cm, in its own direction. This 
unit is termed an erg. As this unit is extremely small, the unit chosen 
for practical purposes is the joule, 1 joule being 107 ergs. 


Gravitational Unit of Work—In practice, work is often expressed 
in the gravitational unit. The gravitational unit of work is the work 
done in raising a unit mass vertically upwards against the force of 
gravity through a unit distance. In the F. P. S. system, the gravita- 
tional unit of work is the work done in raising a mass of 1 pound 
through a vertical distance of 1 foot. The unit is termed 1 foot-pound 
(ft-lb). In the C. G. S. system, this unit is termed 1 gramme-centi- 
metre and is equal to the work done in raising a mass of 1 gram 
through a vertical distance of 1 centimetre. As a gramme: centimetre 
is very small, the unit chosen by the the engineers is the kilogramme- 
metre which is the work done in a mass of 1 kgm. through a vertical 
distance of 1 metre. 1 kgm. metre=10° gm.cm. 


Relation between the two Units of Work—It has been explained 
already that the gravitational unit of force is g times the absolute unit 
of force. Hence, 

gravitational unit of work=g times absolute unit of work, 
<. lft-lb.=31:2 ft. poundals and 1 gramme-centimetre=981 ergs. 
Now as 1 foot-poundal=13825 dynes and 1 foot— 30:48 cms., we get 

1 ft-poundal— (30:48 x 13825) ergs— (4214 x 10°) ergs. 

Also 1 foot-pound —322 foot-poundals—(32:2—4-214 x 10°) ergs 
—(1:357 x 107) ergs. 
Hence 1 foot-pound — 1:357 Joules. 
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Work is of the dimension of the product of a force and corres- 
ponding displacement. Now the dimension of force is MLT-? and 
that of displacement is L. Hence, the work is of dimension ML?T-*. 


79. Power—The power (or activity) of an agent is the rate of 
doing work and is measured by the quantity of work done by the 
agent in unit time. The absolute unit of power in the F. P. S. 
system is the rate of doing 1 foot-poundal of work per second, and 
in the C. G. S. system it is the rate of doing 1 erg of work per second. 
The practical unit of power, as used by the engineers, is termed a 
horse-power. 


The term was first used by James Watt (1736-1819), the inventor 
of steam-engine. In order to establish a relation between the working 
capacity of a horse and of his newly invented engine, he performed 
an experiment in which, on an average a weight of 150 lbs. of coal 
was raised by a horse from a coal pit through a height of 220 ft. in 
1 minute. The work done by the horse in 1 minute was thus equal 
to (150220) or 33,000 ft.-Ibs. This was, therefore, considered to 
be the average rate of working of a horse. Although the estimate is 
found to be too high, the term has still been retained. 


Hence a horse power (H. P.) is the power of an agent doing 
33,000 ft.-Ibs. of work per minute or 550 ft.-Ibs. per second. 

Their is another unit of power called the watt so named after 
James Watt. This is defined as 1 Joule per sec.—10" ergs per 
second. 

Now 1 H. P.—550 ft. -lbs per second 

=(550 x 1:357 x 10") ergs per second 
—746:3 Joules per second —746 watts (app.) 
EO 1 kilowatt=1000 watts=(1000+-746) H.P. —1:34 H.P. 
—(1:34x 550) —737 ft.-lbs. per second 

A 1 kilowatt hour-(1:34x 550 x 60 x 60) =2653,200 ft.-lbs. of 
work or energy. F ^ 

The power being work per unit time, its dimension is clearly 
MLI?T-3—T-ML?T-*. 


Examples : 


1. A constant force of 384 poundals acts vertically upwards ona mass of 


10 Ibs. at h'ssuríace. Calculate the amount of work done by 
the eue ea A un pO done by the body against gravity while it is 
passing through an altitude of 100ft, given g=32 ft,/sec?. Find also the 
velocity of the body at taat altitude. 

Ans. The work done by the force — force x distance=(384 x 100) ft. poundals 


738100 ft.-poundals. p 
al dy against gravity=weightx distance 
Also the work daa tae E {10332 100) ft.-poundals —32,000 ft.-poundals, 
i E i don 
Sothe work done by the impressed force is here greater than the work 
against the EE, Sravitational force by 6400 ft.-poundals. This excese 
work shows itself in form of motion of the body at tha 


fe i i —320)=64 poundals. Hence, 
Mee ues i the Frequired velocity be » ft./sec. we have 


$3—2x 664x100, whence the required velocity is 35°75 ft./see. 
Pt. I/G—8 
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2. A man weighing 140 Ibs. takes his seat on a lift which weighs 2 tons. 
He is taken on the third floor, whichis at a height of 75ft. from the ground 
floor in 2 minutes. Calculate the work done and the power required in the 
process. 

Ans. The total weight of the man and the lift—(1404-2x 2240) lbs. = 


4620. lbs, 
Now the work done in raising the mass through 75 ft.—(4620x 75) ft. Ibs. 
= 3,46,500 ft -Ibs. 


As this work is done in 2 minutes, the power required for is 
346500 346500 X 
2x 60 ft-lbs. per $66, 7 0x 550 PP" 5:25 H.P, 


3. An engine of mass 5tons drags a train of mass 23 tons up a slope of 
inclination 1 in 28 at 15 miles per hour. If the frictional resistance be 
equivalent to a force of 0'4 ton weight parallel to the rails, find the horse~ 


power of the engine. 
15x1760x3 


Ans. The speed of the train= (X705 ) £t. /sec.=22 ft.[sec. 


Total mass of the engine and train—28 tons= (28 x 2240) 1bs.— 62720 Ibs. 
Co the effective force against motion along the slope 
=(62720X qg-- 074 x 2240) Ibs.-wt.= (2240+ 896) Ibs.-wt. =3136 Ibs.-wt. 
the work done by the engine per second —3136 x 22 ft.-1bs. 
Hence, power of the engine=*176%22 H. p= is H.P.212544 H.P, 


4. Show that ifa gas expands against a cons'ant external pressure, the 
yet dons by the gas is equal to the product of the pressure and the increase 
in volume. 


_ Ans. Suppose that Ihe gas of volume v is contained in a cylinder wit 
pte piston of cross-sectionalarea A. Let p bethe Muere d 
as, 


Suppose now that the gas expands to a volume i 
the piston is displaced urges : small tps Xe uo E roie 
to remain the same during the change, the force on the p'ston=Ap. Hence, 
the external Work done by the gas during expansion =Apxx=p(y Lv). 
The result holds goods irrespective of the shape of the container. ED" 
80. Energy—The energy of a body is defined as its abilit 
doing work and is measured by the total quantity of ok uM 
body can do. We shall consider here only the mechanical energy. 
It zx ad A c pe Me Kinetic and Potential. : 
netic Energy—The kinetic energy (K.E.) of a body (o 
of bodies) is the energy it possesses by ene of its atone 
measured by the amount of work that the body (or the system) can 
do against an external impressed force before coming to rest. 


In nature we find mainly two types of mechanical K. E. 

(eg, a pile driver) falling from a height acquires iicet 
momentum to do some work. A torpedo in motion can do work 
by breaking through the side of a ship at which it is aimed. Here 
the energy of the body is due to its motion along a straight line and 
the energy so developed is called translational kinetic energy, The 
other type is the energy ofa fly-wheel in revolution. In this case 
the fly-wheel has a rotational motion and in coming to a stop it 
CRo dome such work i s raising of a bucket of water from a 
well. The energy acquired by a revolving materia i 

the rotational kinetic energy. E momen airet 
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Sometimes there may be a combination of translational and rota- 
tional kinetic energies. A ball rolling on a surface possesses the 
linear as well as the rotational kinetic energy. Illustrations of thls 
combinational kinetic energy are the motions of a billiard ball, a 
football, a rifle bullet or the earth. 

Potential Energy—The potential energy (P. E.) of a body (or a 
system of bodies) is the energy it possesses by virtue of its position 
orconfiguration. It is measured by the amount of work the body 
can doin coming from its present position (or configuration) to 
some standard position (usually called its zero position) or 
configuration. In nature we find mechanical potential energies of 
various types. In the gravitational P. E. the surface of the earth is 
usually taken to be the standard position, so that when, a body is 
onthesurface of the earth, its potentia] energy is zero. But if 
raised above the ground, the body owing to its elevated position 
possesses potential energy. 

In the case of a pile driver a large piece of iron, called the ram, 
is connected to a rope passing over a pulley, The mass, raiséd up to 
a certain height by a number of men pulling at the other end of the: 
rope, possesses potential energy against the gravitational force. When 
released, the mass falls down upon the pile and drives it to some 
depth into the ground. The stretched spring, a cross-bow when 
fully stretched, the compressed spring in an air-gun, the spring of a 
clock or watch when wound, all possess different types of potential 
energy by virtue of their altered configuration. 

81. Measurement of Energy— The energy of a body is always 
measured by the maximum amount of work that can be done by a 
body. 

Translational Kinetic Energy—Let a body of mass m be moving 
with a velocity u at any instant. We are to find the amount of work 
it can do before coming to rest. Let a constant force P resist the 
motion of the body and thereby produce a retardation f, so that 
P=mf. Let the body thus retarded traverse a distance s before it 
comes to rest. 

Then (Art. 20), u* —2fs—0, whence u*  2fs. () 

Now the K. E. of the body — work done against the force before 
coming to rest force x digtance=P.s=m/s. 

4. by (1), the K. E.—mfs- imu? > (81,1) 
Thus the kinetic energy of a moving body at any instant is given 
by half the product of its mass and the square of its velocity at that 
instant. The K.E. is measured in the same unit as work. 

If a force P acting upon a mass m increases its velocity from u to 
», while moving through a distance s along straight path, we have 

omi S 
y2—y*=2fs, of, 3 


4 2 
* work done by the force=P.s=mf. af -—im?—imut. 
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..— work done=final K. E.—initial K. E. 

=increase of K. E. of the body. 

Thus the work done by a force on a freely moving body is equal to 
the increase of kinetic energy of the body provided the question of 
potential energy does not arise, 

Gravitational Potential Energy—We know that a body of mass m 
is attracted by the earth vertically downwards with a force mg which 
is the weight of the body, g representing the acceleration due to 
gravity. Hence, if the body be raised through a vertical distance /t, 
the work done against the force of gravity is mgh. The energy spent 
for this purpose is stored up in the body and constitutes the potential 
energy gained by the body by virtue of its position. Again ifa 
body Sr mass m falls through a vertical height h, the work done 
by the force of gravity is mgh, which is the Joss of potential energy 
of the body. 

Hence P. E.—mgh. .. (81,2) 

SO dn F.P. S. system P. E. —mgh ft.-poundals— mh ft. lbs. 

Also in the C. G. S. system, P. E.-: mgh ergs=mh gm.-cm. 


Rotational Energy—Let a body rotate uniformly with an angular 
velocity o about an axis passing through a fixed point O perpendi- 
cular to the plane of the paper (Fig. 65). We may consider the body 
of mass M to be composed of a large number n of elementary 
particles of masses m,, ms, ms,...mg, 80 that the summation of ali 
these tiny masses gives the entire mass of the body. Let the distances 
of m,, ms, ms..., m, from the axis of rotation be respectively r,, rs, 
Fosen. Now from Art. 23 we know that the tangential velocity 
is given by the product of the angular velocity and the radial 
distance. Let Y,, Vz, Y,, +++» Yn be the tangential velocities of the 
particles, Then v, —r,«, Va —r30, Ys =r s0 ses Ya rs. 

Now,atany instantaneous position of the rotating body, we 
may imagine that these particles have instantaneous linear velocities 
Yı» Vas Ys ctc., and so they have at that instant a total kinetic energy 
which is equal to the sum of individual kinetic energies. Hence: 

Total K, E.—$m,v, * + 3myvs?-- 5m, v4? -- ... +4 myn? ^ad 

mám,r*o!-ymars*o*--Amsrs*o* +... EM Ty wt 
= alm yr? + gry? muri Em, )o 
-jilo x (81,3) 
Here ‘I’ is called moment of inertia of the body about the axis 
of rotation (Art. 43). Now comparing the two equations (81, 1) and 
(81,3), we find that their forms are alike. In the case of linear 
motion the K. E. is given by half the product of the mass and 
square of the linear velocity and for a given mass, this energy is 
proportional to the square of the linear velocity. But in the case 
of angular motion the K. E. is given by half the product of the 
moment of inertia of the body about the axis of rotation and the 
square of the angular velocity. Thus, for a given mass the rotational f 
energy depends on the position of the axis of rotation as well as. on 
the square of the angular velocity. | 
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There are instances of P. E. acquired by a rotational body. For 
example, the tiny fly-wheel of a watch controlled by the hair-spring 
moves a little while in one direction coiling the hair-spring more. 
The spring, on being coiled more, produces an opposite couple on 
the wheel to stop its motion and at this stage the wheel possesses à 
rotational P, E. Itcan be proved* that if c be the torque on the 
wheel for a rotation of one radian and if @ be the actual rotation 
of the wheel, the P. E. acquired by the wheel is $c02. 

Examples : 

1. An engine is used to pu np 22,000 gallons of water per hour through a 
vertical height of 100 ft. Find the H.P. required. (1 gallon of water 10 Ibs.) 

Ans. Since 1 gallon of water weighs 10 lbs., the weight of 22,000 gallons is 


22x 10* Ibs. 
.. in one hour the work done «(22x 10* x 100) ft,-Ibs=22 x 10* ft./Ibs. 


. 222x10* & | 
pod work done per second: 0x 60 n Ibs. 


™ Since 550 ft.-Ibs. per sec.=1 H. P. ; the required H, P.e 


22x109 aye 
60x 6UX 550 y 

2. Find the energy stored in a train weighing 250 tons and travelling at a 
rate of 60 miles per hour, How much energy must be added to the train to 
increase its speed to 65 miles per hour ? [C. U.—1925) 

‘Ans, The mass of the train-(250x 20x 4x 28) 1bs.« 560000 Ibs, 

Also the speed of the train=60 miles per hour OX 1760%3 =88 ft./sce. 
.. the K. E. of the train=(} x 560000 x 88?) ft.-pour dals 

-216832x10* ft,-poundals. 
65x1760x3 


i 3 l = 286 
The increased speed = 65 miles per hour sr THe ft./sec. 3 ft./see, 


«OK. E. at the time=} x 560000x e "ft.-poundals. 
22544764 x 10* ft./pcunda!s. 
S. the additional energy» (2544764 —216532) x 10* ft.-poundals. 
= 376444 x 10* ft./poundals. 
3. Anergine increases the speed of a train of mass 200 tons from_30 miles 
per hour to 60 miles per hour, while it moves through a cisttance of 3 miles. 


If the resisting force be 15 1bs.-wt per ton. find the work done by the engine 
and the power at which itis working. (given g=320 F.P.S). 


"7" Ans. The total resisting force= (15 x 200) 1bs.-wt. = 3000 Ibs.-wt. 


"This force acts over 3 miles, =(3X 1760x 3) ft, = 15840 ft, 

.*. work done against the forces (3000 x 15840) ft.-lbs. = 47,520,000 ft.-Ibs. 

Now the mass of the train=200 tons =448,000 Ibs, E 

Since ‘30 miles per houre44ft. per sec., it follows that the increase of 
energy =} x 448,000 x (88—442) ft.-poundals = 40,656,000 ft. Ibs. 


* Let & be the rotation of the wheel at any instant Then the restoring 
torque on the wheelin that position is cX4. If now the wheel be made to 
rotate through an infinitely small angle d£, the work done by the wheel is 
torque Xangular rotation=cL, d£. Then the total work done on the wheel 
when it is made to rota‘e through an angle @ is obtained by integrating the 
expression between the limits 0 and 6. 

0 


A 0 
That is the P. E= fet. d= [pent ]=geo* 
0 
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d by th ine = (47520 x 10*-1-40656 x 10°) ft.-Ibs. 
Hence, the total work done by the engine=( RAD: 


Again, the average speed of the train=3{30+60)=45 miles per hour, so that 
the time to cover 3 miles is (32-45) hour 240 seconds. 

Hence, the required power of the engine- 98176 x 10* H. P.—668 H.P. 

P 240x 550 

4. A bicycle wheel, 28 inches in diameter, has a mass of 2 lbs, and the 
radius of gyration is I3 irches, The bicycle is travelling at 12 miles per hour. 
Find the total kinetic energy. (g=32'3 ft./sec.?). 

Ans. In moving linearly the wheel has a translational K, E. given by imv?. 
Now a linear velocity of 12 miles per hour is equivalent to 


1217603 ..88 LA 
M EEUU ft.[sec.— = ft./sec,=17'6 ft /sec. 
«. the linear K. E. =(4 X2X 17 6*) ft.-poundals,=309'76 ft.-poundals, 
Also, the angular velocity w= TEX 1215-85 rad /s:c. 
s. the rotational K. E,=3lw? -23MK?5? - 3x2x GE (pues. j 
ft.-poundals—293:92 ft.-poundals. 
Thus the total K. E, — (309764-293:92) ft.-poundals— 60368 £t.-poundals. 

82. Different forms of Energy—The energy possessed by a body 
manifests itself ina variety of forms. The different forms in which 
energy may appear are : A : 

(1) Mechanical energy, (2) Heat, (3) Light, (4) Sound, (5) Elec- 
trical and Magnetic energies, (6) Chemical energy. 

"Transformation of Energy—The two kinds of energy, kinetic and 
potentia], are mutually interchangeable. Again,energy does not only 
appear in various forms but it can pass from one form into another. 
This is known as the transformation of energy. Thus when a body is 
raised to a height, the energy possessed by it is wholly potential, and 
when it falls, the P. E. is gradually changed into K. E. When the 
body is just on the point of striking the ground, the energy is wholly 
kinetic and when it finally strikes the ground, theK. E, is transformed 
into sound, heat and mechanical energies. 


When we wind a clock, the energy, is stored up in the spring as 
potential energy. As the spring unwinds and keeps the clock going, 
the P. E. is continuously transformed into K.E. The P. E. ofthe 
compressed spring in an air gun is transformed Into K. E. when the 
8hot is released, 


A moving pendulum furnishes another example. When the bob 
in its course of oscillation is at the uppermost position, its energy is 
wholly potential. As the bob comes down, the P. E. gradually 
decreases and K. E. is gradually gained. When the bob is at the 
lowest position the energy is wholly kinetic. Again when it moves 
up from the lowest position towards the other side, it gradually loses 
kinetic energy and gains potential energy till at the highest position 
at the other side, the energy is again wholly potential. This process 
goes on repeatedly. 


In a hydro-electric Plant, the water at the higher level possesses 
P.E. The water in moviag down acts against the turbine pits and 


OO ——————— E NE 
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rotates the wheel when the P. E. istransformed into K.E. The 
motion of the turbine is utilised by suitable arrangement to revolve 
the armature in a dynamo. The mechanical work thus done is con- 
verted into electrical energy. This electrical energy may be converted 
into heat in an electric oven, heat and lizhtin an electric lamp, 
mechanical energy in driving a tram car or a fan and into magnetic 
energy in an electromagnet. The Tilaiya dam across the river Barakar 
near Hazaribag has provided an opportunity of erecting a hydro- 
electric power station having an installed capacity of 4000 kilowatts 
of power for the present, with a provision for future expansion of an 
additional 2000 kilowatts. The steam turbine station at Bokaro 
situated at the Damodar Valley zone is already producing 150,000 
kilowatts of power. The Bandel Power Station in West Bengal and 
various other Power Stations including Atomic Power Stations in 
Tarapur in Rajashan are generating millions of kilowatts of Electric 
energy for peaceful social purposes. 

When coal burns, the carbon of thecoal combines with the oxygen 
of the air and the chemical energy is converted into heat and light 
energies. The heat of the sun evaporates vast quantities of water 
from the seas and the oceans. The heat gives sufficient energy to the 
molecules of water so as to enable them to evaporate. The vapour so 
formed condeneses into clouds which melt down into rain ; rain in its 
turns fills yhe running streams that flow down to the seas again. The 
energy of the running stream may, therefore, be ultimately traced to 
the heat energy of the sun. It is to be noted that the earth is 
receiving energy from the sun at the rate of about 232x 1012 H. P. 

In the steam-engine, the chemical energy of combustion is changed 
into heat energy ; the heat energy is utilised in producing steam aud 
is thus converted into mechanical energy in the motion of the pisjon 
and of the wheels. When the engine drives a dynamo, the mechan cal 
energy is changed into electrical energy. 

When two insulated conductors with opposite kinds of electricity 
are placed at a distance from each other, the system consisting of the 
two charged bodies and the space between them possesses some 
amount of electrical energy. If the two bodies are brought near each 
other, a spark passes between them, and then the electrical energy is 
converted into heat, light and sound energies. 

Again when a body changes from a solid state to liquid or 
vaporous state even at the same temperature, some amount of heat is 
absorbed. This heat energy is transformed into molecular potential 
energy and is utilised in bringing about the change of state. On the 
other hand, when water freezes, heat energy is given out. Thus when 
the water in a lake freezes,sufficient heat isgiven out. This heat keeps 
temperature of the vicinity greater than that of inland localities. All 
these cases show transformation of energy from one kind into . 
another. 

83. Illustrations of Transformation of Energy—The following are 
further examples of transformation of energy : 


(1) Mechanical—(a) Kinetic energy into Potential energy—the 
motion of a pendulum bob from its position of rest to the extremity 


120 INTERMEDIATE PHYSIOS OHAP. V 


of the swing. (6) Potential energy into Kinetic energy—a body 
falling from a height : the bob of a pendulum moving down from the 
highest position on either side to its mean position. (c) Kinetic 
energy into Heat energy—the wheels of a moving engine stopped by 
putting brakes ; a piece of stone being struck against another and 
giving out sparks. (d) Kinetic energy into Sound energy—sound by 
vibration of bodies. (e) Kinetic energy into Electrical energy—action 
of a dynamo, 


(2) Heat—(a) Heat energy into Mechanical—action of heat 
engines. (b) Heat energy into Light energy—a white-hot body, e.g. 
—singing flame. (d) Heat energy into Electrical energy—thermo- 
electric phenomena. (e) Heat energy into Chemical energy—forma- 
tion of chemical compounds by the application of heat (e.g., oxygen 
and hydrogen combine with each other when heated). (f) Heat energy 
into Molecular energy—change of state of a substance. 


(3) Light—(a) Light energy into Electrical energy—the working 
of a photo-voltaic cell in a photophone. (b) Light energy into 
Chemical energy—the action of light on photographic plates; com- 
bination of hydrogen and chlorine in light. 


(4) Sound—(a) Sound energy into Mechanical energy—forced 
vibration and resonance. (b) Sound into Electrical energy—telephone. 

(5) Magnetic—(a) Magnetic energy into Heat energy—rapid mag- 
netisation and de-magnetisation generate heat in steel bars. (b) Mag- 
netic energy into Electrical energy—electro-magnetic induction. 


(6) Electrical—(a) Electrical energy into Mechanical energy— 
electric motors and tram cars, electric fans, lifts, etc. (b) Electrical 
energy into Heat energy—heating of conductors by the passing of 
electric current, as in electric furnace, electric iron, etc. (c) Electrical 
energy into Light energy—electrical lamps. (d) Electrical energy into 
Sound energy—electric bells, telephones, microphones (sound is 
produced when discharge takes placein electric machines or induction 
coils). (e) Electrical energy into Magnetic energy —magnetic field 
produced by electric current ; electromagnet. (f) Electrical cnergy 
into Chemical energy—electrolysis. 


(7) Chemical—(a) Chemical energy into Heat energy—chemical 
combination (as in the burning of coa! or when lime is slaked) ; 
various other chemical rections. (b) Chemical energy into Light 
energy— phosphorus combines with oxygen producing a dull glow 
light ; magnesium in combining with oxygen produces bright light. 
(c) Chemical energy into Mechanical energy—the chemical energy of 
a loaded cartridge is changed into the kinetic energy of the flying 
bullet. (d) Chemical energy into Electrical energy—Voltaic cells. 
. (e) Chemical into Heat, Sound Mechanical energies—explosion of 
` gun-powder and other explosives. 


84. Conservation of Energy—It is thus found that in all cases of 
transformation, energy disappears in one form but reappears in 
another. But in no case is the energy destroyed in any way ; nor 
does any form of energy appear of itself without loss of some other. 
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It has been found also that the energy lost in any form by one 
system is equal to the gain of the same amount by some other 
system, so that the total energy of combined system remains 
constant. This is known as the Principle of Conservation of Energy 
first expounded by Michael Faraday and then by Mayer in the 
middle of Nineteenth Century. There is no general proof of the 
principle ; but it has been verified in various cases. So it is taken 
to be true. This very important principle forms the foundation of 
the whole,Physical Science. It may be stated thus. 

The total amount of energy possessed by a material 
system can neither be created nor destroyed by any 
ix action between the parts of the system, though it may 
be transformed from one form into another. 

The principle may be illustrated by the following 
simple example of gravitational energy. Suppose a 
body of mass m is raised to a vertical helght h at A 
from earth’s surface S (Fig. 103). The gravitational 
energy possessed by the body is wholly potential and 
is equal to mgh. i 
3 Drop the body freely from A through a distance 

k x and let the velocity just at the end of this fall be v. 

Fig. 103 Then v?=2gx. Thus the mechanical K. E. of the 
body at that instant at B is—3mv? —mgx. Also the gravitational P.E. ` 
of the body at the instant at B is=mg(h—x) ; 

<. the total energy of the body at the time=mgx-+mg(h—x) 
—mgh, which is the energy it had initally at A. 

Thus we find that as the body drops down more and more, the 
P. E. decreases and the K. E. increases. But the sum of the potential 
and kinetic energies at any instant remains constant. When the 
body strikes the ground and is at rest, both its kinetic and potentia] 
energies disappear. But, even then the principle is not violated, for 
the energy reappears as heat, sound and mechanical energies. 

The oscillations of the bob of a simple pendulum present another 
example of the conservation of gravitational energy. When the bob 
of the pendulum hangs vertically as in the position A (Fig. 97), it 
possesses an initial gravitational potential energy mgH, where H 
denotes the height of the bob of mass m above the ground level. If 
now, the bob be displaced to a position B, when the string makes 
an angle 9 with the vertical, the bob is virtually raised vertically up 
through a distance [—/ cos 9. Thus the additional potential energy 
taken by the pendulum is mg (1—1 cos 6) —mgl (1—cos 0). 

When the pendulum is released from B, it moves down the arc 
BA. This means that it virtually falls down under gravitational force 
through a distance |—1 cos 0. Ultimately when it reaches A, this 
additional potential energy is converted into kinetic energy of the 
bob. Ifv be the linear velocity of the bob, as it moves past A, we 
derive from the principle of conservation of energy that 

imy? —mgl(1—cos 6), whence y— y 2gl(1 —cos 6). 

At any intermediate position where the string makes an angle ¢ 

with vertical, the bob still possesses some excess P. E. It possesses 
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some K. E. as well. If v, be the velocity of the bob at this position, 
the K. E..here is 4 mv»,?. Further the P. E. at this position is 
mgl(1—cos ¢). 


Therefore the total excess energy at F—3mv,* -mgl(1—cos $). 
From the principle of conservation of energy this quantity—addi- 
tional potentia! energy mgl(lI—cos 6)—the maximum K. E.—im»*. 


The above principle denies the possibility of the existence of a 
perpetual motion machine, that is, a machine from which work can 
be continually obtained without the expenditure of an equivalent 
amount of energy. Even if the machine be perfectly free from 
friction, the amount of work taken out of the machine would be 
equal to the amount put in, but it would never be greater. There 
are, however, always some frictional losses. So, even if the machine 
does no useful work, the energy initially supplied will gradually be 
used up to overcome frictional resistances and the machine will 
ultimately come to a stop. 


Example : 

The bob of a pendulum has its centre 1 metre below the support. It is 
pulled asice till the string makes an angle of 30? with the vertical. Ifitisnow 
released, cclculate its speed when it moves past the rest position. : 

[Mys. U.—1951) 

Ans. When the bob of the pendulum is suspended with a string toa 
support and is hanging vertically, it must have been above the ground level. 
So it has some initial P. E.=V say, When the string is pulled aside at an 
angle of 30° to the vertical, the centre of gravity of the bob is raised up from 
original level through a vertical distance of 100 (1— cos 30°) cms.— 134 cms. 

Taking the mass of the bob to be m and acceleration due to gravity to be g we 
note that the P. E. of the bob increases from V by the amount 134 mg. ergs. 1f 
the string is now released, the bob moves down over the arc in which the excess 
P. E. is gradually converted into K. E. At its lowest position, all its excess P. E. 
is converted into K, E. provided thereis no other transformation of energy. 

Thus jmv3—13'4x mg. or v?—268 g. 

Taking ¢=980 cms./sec.*. the actual speed v—162. cms./sec, 

85. Dissipation of Energy—The principle of conservation of 
energy cnunciates that the disappearance of energy in one form is 
always accompanied by the appearance of an equivalent amount in 
some other forms. But in every case of transformation some amount 
of energy may appear in a form in which we cannot utilise it further 
for doing useful work. So far as practical purpose is concerned, this 
amount may be said to be lost to us. This is known as the 
dissipation of energy. When a stone falls to the ground from a 
considerable height, its K. E, disappears completely. But the stone 
as well as the ground, where it strikes become a little warmer as 
already mentioned. The energy is wholly converted into the heat, 
sound and mechanical energies. But we cannot get back any of these 
into practical work and so to us the energy of the stone is lost. 

Ina railway engine, a considerable portion of the mechanical 
energy, derived Out of heat energy, is used up in overcoming fric- 
tional resistances, which again appear as heat in the rails and the 
axle bearings of carriages, Similarly, in all machines a part of the 
energy supplied is used up in overcoming friction and is thereby 
changed into heat. This heat cannot be used to do work by any 
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process hitherto known to us. Similarly, the heat radiated by a 
source in space cannot be received back and may therefore be taken 
to be lost. The total amount of energy in the universe being 
supposed constant, the quantity avilable for effective work is 
apparently diminishing. 


Reference 


Arts, 
77, 79, 80 


Art. 79 


Art. 79 


Art. 81 


Art. 81 


Art. 81 


Art. 81 


Art. 81 


Art, 8I 


Art. 80 


EXEROISES ON CHAPTER V 


1. Define work, energy and power, Give some examples of 
transformation of energy. (Dac. U.—1958 ; C.U —1956, ‘62, 
Gau. U.—1952 ; B. U.—1953, '55 ; Del. U.—1951 ; 

P. U.—1951, 52 ; Pat. U,—1947, '54, '56, 58; 

Nag. U.—1952 ; Cf Guj. U.—1951, °62, '63). 

2. A company sells electrica! energy for lighting purposes 
at4id.perunit. Whatis the weekly bill for a factory in which 
ten 5 horse-power motors run for forty hours per week and fifiy 
100 watt lamps are alight for forty-four hours rer week? 
(1 H. P.=$ kilowatt,) 

Ans, £13. 10s. 

3. An engine, by applying a steady pull to a railway train at 
rest, is able to impart to it a velocity of 30 miles per hour in 10 
minutes. If the mass of the train including the engine is 500 tc ns 
and the resistance to motion is 20 lbs, per ton, fird the horse- 
power of the engine. 

Ans. 58267 H.P. : 

4. Aman weighing 130 Ibs. lifts a weight of 80 Ibs. to the 
top of a building 33 {t. high in one minute, Find the work done 
by him and horse-power. (Del. H. S.— 1951) 

Ans, 6200 ft. Ibs ; 19H, P. 

5. Water is pumped froma wellthrough a eight of 30 ft. 
by means of a 5 H. P. motor. Ifthe efficiency of the pump be 
85%, find in gallons the quantity of water pumped up per minute 
(1 gallon of water weighs 10 Ibs.) (C. U.—19:4) 

Ans. 4675 gals. 

6. What is the work done when a weight of 500 kilograms 
falls through a height of 50 metres and is then suddenly stopped. 
Assume the normai value of gravity. (Dac. U. —1953) 

Ans. 24525X108 ergs. 

7. A bullet of mass 25 gms, travelling with a velccity of 
500 metres per second strikes a target which it penetrates, the 
velocity on emergence being 100 metres per se cond. What 
energy was expended in passing through the object ? 

Ans, 3000 joules.« 

8. A man climbs a tower 500 ft. high in 10 minutes, If 
the man weighs 165 lbs., find the rate at which he works. 

(P. U.—1952) 

Ans. 1375 ft. Ibs./sec. 


9. An elevator is designed to lift a load of 1,000 Ibs. through 
5floors of a building averaging 11 ft. per floor in 5 seconds, 
Calculate the power of the elevator. (Anna. U.—1951) 

Ans. 20H. P. 

10. A solid mass of 100 grams is allowed to drop from a 
height of 10 metres. Calculate the amount of kinetic energy 
gained by the body, g being 980 cms. per sec.? (Dac. U.—1940) 

Ans. 98X10" ergs. 
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11. Find the expression for the kinetic energy of a body of 
mass m moving with a velocity v. (P. U.—1950 : 
Mys. U.- 1951 ; Pat. U.—1952, '58) 


12. The hydro-electric station at Konar dam project is to 
generate a power of 40,000 kilowatts, and the reserves of coal in 
the Damodar valley coal fields are estimated to be 25,950 million 
tons. Supposing that the coal is deposited at a mean depth of 300 
ft. below the surface level and the power of the station is 
incessantly utilised in raising coal, calculate the time required to 
empty all the deposits of coal of that area. (g -32 F.P.S.) 

Ans. 54495X10* hours. 


13. A simple pendulum is formed by suspending a metal 
bob 'rom a long string. If it swings through a small angle of 60 
on either side of its mean position so that the vertical descent of 
the centre of the bob from the extreme to the lowest position is 5 
mm. Find the velocity and acceleration of the centre of the bob 
at the ends of the swing and whea crossing the mean position, 
given, g=980 cm./sec?, (Raj. U.—1951) 

Ans. O0 and 1024 cm./sec? ; 31°3 cm./sec. and 0. 


14. State the law of conservation of energy and prove it 
in the case of a body falling freely under gravity. 

* (C. U.—1959; Pat. U.—1952 ; Mys, U.—1952 ; 

* Anna, U.—1951 ; Cf. P. U.—1951) 

15. Trace the transformations of energy which occur when 

a pendulum bob is displaced from its position of rest and is let 

free to oscillate till it comes to rest again. (C. U.—1953) 


16. A body falls under gravity and strikes the ground. 
Explain how the phenomenon supplies an illustration of the 
transformation of energy. Doesit also illustrate the principle of 


conservation of energy ? (Cf. C. U.—1957 ; P. U.—1917 ; 
Pat. U.—1952) 

17. State and explain the principle of conservation of energy 
with suitable illustration. (Pat. U.—1952 ; 


Dac. U.—1943; Cf.B. U. -1955, 57; C. U —1958) 

18. Bring out the similarity between the moment of inertia 
and the mass of a body having translatory motion. Derive 
expressions for the Kinetic Energy and the angular momentum of 
a rotating body. (Guj. U.—1962) 


OHAP. V 


Reference 
Art. 81 


Art. 81 


Art. 81 


Art, 81 


Arts. 
82 & 84 


Art, 84 


Art, 84 


Ait, 81 


CHAPTER VI 


SIMPLE MACHINES 

86. Machine—A machine is a contrivance by which ‘work done 
upon it’ is converted into ‘work done by it’ in a desired manner. To 
do work on the machine some amount of force is to be applied 
which is called the effort or power, and the resisting force overcome 
by the machine is called the resistance or load. The effort is usually 
denoted by P and the resistance by W. 

The purposes served by a machine may be roughly grouped into 
three parts : 

(i) to apply the force at a more convenient point or in a more 
convenient manner (e.g., a poker) ; 

(ii) to overcome greater resistance and to raise heavier load; 
for example a crow-bar ; 

(iii) to convert a slow motion at one point in into a more rapid 
motion at some other point : (eg. a bicycle, a sewing machine). 

Principle of Work—The principle of conservation of energy 
propounds that the work that may be derived from a machine can 
never be more than that done upon it. It is possible for a small 
force exerted through a machine to lift a heavy weight ; but if there 
is no loss of energy in the from of friction within the machine, the 
work done by the effort on the machine is always equal to the work 
done by the machine against external resistance. In simple language 
the ‘input’ energy is equal to the ‘output’ energy. This is known as 
the principle of Work. 


87. Efficieney of a Machine—A part of the energy supplied to 
a machine is used in overcoming internal resistance in the form of 
friction and this part is always dissipated in the form of heat energy. 
So the useful work done by a machine is always less than the emergy 
supplied. 

The ratio, which indicates what fraction of the total energy 
supplied to a machine is utilised by it in doing useful work, is termed 
the efficiency or modulus of the machine. Hence, 


: . energy utilised or work usefully performed . 
Efficiency (E) total energy supplied MID 


The efficiency of any machine is therefore, always less than unity. 
On being multiplied by 100, it is often expressed as a percentage. 
For example, suppose a machine takes in 400 ft. pounds of work in 
a certain interval and delivers 320 ft. pounds of work during the 
same interval. Then the efficiency ofthe machine is 320+400='8 
In terms of percentage, it is 80%. 

A perfect machine is that which would utilise the entire energy 
supplied and so the efficiency of perfect machine is unity. Thus, if 
F denotes the effort applied and W the resistance overcome and the 
distance through which the effort and the resistance move be d, and 
d, respectively, then in a perfect machine— 

Pxd,-WXds. 
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If P is much smaller than W, d; is much smaller than d, ; so 
what is gained in power is lost in speed. 

Velocity Ratio—The ratio of the distance d,, through which the 
effort works to the distance da, through which the resistance is over- 
eome, is called the velocity ratio of the machine. 

Tn other words, the velocity ratio is given by 

distance through which applied force moves — . d, (87,2) 
distance through which resistance is overcome d ^ ' 


Mechanical Advantage—The mechanical advantage ( or the force 
ratio ) of machine is the number whieh expresses the ratio of the 
resistance overcome to the effort applied to the machine to produce 
equilibrium. Or, in simple terms, 

resistance overcome W (87,3) 


Mechanical advantage= eiforteppled Nec ponet 


Machines are usually so constructed that the mechanical advan- 
tage is greater than unity: 
Again it is obvious from the above, Efficiency (Ej - Wds aw) p 
Pd, did, 


ILIO LIE SAP 
velocity ratio j 


In a perfect machine however, E—I, so that for such a machine 
the mechanical advantage=the velocity ratio. 
88. Lever-—It is simply a rigid bar, straight or bent, capable of 
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Fig. 104 i Fig. 105 Fig. 106 
turning about a fixed point of support, which is called the fulcrum. 
The effort and resistance are supplied at any two points either on 
the same side or on opposite sides of the fulcrum. The perpendicular 
distance between the fulcrum and the line of action of effort is called 
the power arm, and that between the fulcrum and the line of action 
of the resistance is called the load arm. When the lever is straight 
both the effort and the resistance act perpendicularly to the lever. 
Since levers are used to overcome resistance, soft and fiexible sub- 
stances should not be used as the materlal of the levers, as otherwise 
they might get bent by the forces and a part of the energy supplied 
may be spent in bending levers. j; 


Different Classes of Lever—According to the different’ positions 
of the fulcrum relative to the point of application of the effort and 
the resistance, levers are usually divided into three classes. 


Class I—Here the fulcrum lies between the points of application 


Clearly therefore, efficiency (E)— 
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of the effort and resistance. Thus, in Fig. 104, P represents the effort 
acting at A, W is the load acting at B and F is the fulcrum which is 
placed between A and B. The effort P, applied to overcome the 
Joad W, tends to rotate the lever about F in the counter-clockwise 
direction, while W tends to rotate ina clockwise direction. Hence 
for equilibrium.— 7 

The moment of P about F=the moment of W about F, 

i.e., PXxAF-WXxBF .. (88,1) 


Mechanical adyantage— V -2E _4 


where a and b are lengths of power arm 
and the load arm. 

The reaction R at F is always equal 
aad opposite to the resultant of P and W: 
AsP and W are parallel and both act 
downwards, the resultant reaction at F is 
given by R=P+W, which acts upwards. 
Hence, with this lever, the mechanical 
[ advantage may be greater than, equal to, 

Fig. 107 or less than unity, according as the power 
arm a is greater than, equal to or less than the load arm b. 

Examples of Single lever of. Class I—A crow-bar used to raise a 
weight (Fig. 107) a poker used to raise coal in 
a grate; a claw hammer (Fig. 108) ; a spade in 
digging the earth; the handle of a common 
pump; the beam of a common balance; a 
boat's rudder, a see-saw, To use a poker, 


MEAN 


| Fig. 108 Fig, 109 
. for example, the hand gripping at the middle F of the handle acts 
as the fulcrum (Fig. 107). The other hand pressing down at one 
| end with a force P acts as the power and raises the load W at the 
other end. 
Double levers of this class—a pair of pincers or scissors (Fig. 109). 
Class II (Fig. 105)—Here the fulcrum F lies at one end. The 
| effort P and load W act at A and B respectively on the same side 
ofF but in opposite directions, the fosmer acting at a greater 
| distance from the fulcrum than from the latter. 
j W AF 
Now the mechanical advantage P BF 


Since AF is greater than BF, the mechanical advantage is greater 
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than unity. As P and W act in opposite directions and W is greater 
than P the resultant reaction at F acts upwards and is equal to W—P. 
Example of Single Lever of Class II—A wheel barrow with the 
fulcrum at the axle and the power applied at the handle ; a punching 
K machine; an oar (when used in 
rowing ; the end of the oar in this 
case acts as the fulcrum, which is 
supposed to be fixed) ; a crow-bar 
with one end in contact with the 
ground : a cork squeezer. 


A push cart for carrying luggage 
orroad sweepings is an example. 
Here the man pushing the cart 
. Fig. 110 applies the effort P at the ends of 
the handles and the weight W of the load acts at some intermediate 
point (Fig. 110). 

Double lever of this class—a pair of nut-crackers. 

Class III (Fig. 107)—Here the fulcrum F is at one end; effort 
P and the resistance W, are at A and B respectively on the same side 
of F but in opposite directions, the former acting nearer to the 
fulcrum than the latter. As before. 


W AF 

Mechanical Advantage Par 

Since AF is less than BF, the mechanical advantage is always less 
than unity. Hence to overcome a small resistance a large ‘effort is 
to be applied ; in other words, the lever has mechanical disadvantage. 
This class is generally used to convert a slow motion into a more 
rapid one. As P and W act in opposite directions and P is greater 
than W, the resultant reaction at F acts downwards and is P—W. 

Examples of Single Lever of Class II[—The tredle of a lathe 
or a sewing machine ; the pedals of a piano; the human fore-arm 
(when used to raise or support a load placed on the palm, the elbow- 
joint acting as the fulcrum and the tension of muscles and tendons 
as the effort). 
. Double lever of this class—a pair of coal tongs ; a pair of forceps 
in a weight-box ; the upper and the lower jaws of the mouth. 


Lever system of a Typewriter—In a typewriter the motion is 


conveyed from the key-board to a type through a system of three in- 
terconnected levers, K represents one stud of the key-board and 


Fig. 111 
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KDM is one of the levers made of thin steel bar with fulcrum at M 
(Fig. 111), There is a light spring below the bend D of this lever 
which keeps it ordinarily pressed upwards at the position shown. 
With finger pressure on K, it is depressed down to the dotted lines. 
Atsome intermediate point of this lever, another lever FNG is 
connected with a short thick wire and has got its fulcrum at N. The 
Second lever is connected with the third lever HOT with a light rod. 
The third lever has its fulcrum at O and carries a type at the end T. 
In the normal condition, this lever rests in an inclined position with 
the back against a rubber band B. But when the key is depressed, 
allthe levers take up the positions as shown by the associated 
dotted lines and the type impinges against the roller R with a ticking 
Sound. Here the lever KDM belongs to the second system, and the 
other two to the first system. 

89. Pulley—A pulley consists of a small circular disc or wheel 
of wood or metal L (called the sheave), the circum- 
ference of which is cut into a groove (Fig. 112). The 
disc can revolve freely about an axle passing through 
its centre at right angles to the plane of the disc, 
the axle being supported in a framework B, called 
the block, The pulley can be fixed to any stout 
support by means of its hook R. 

If the block B be fixed, as in (Fig. 113), the pulley 
is said to be fixed, while if the block can ascend or 
descend as shown in (Fig. 114) the pulley is movable, 
In a single movable pulley the weight W is attached 
to one end of the string and the effort P is applied ^ 
by pulling at the other end. Ifthe pulley is smooth Fig. 112 
andthestring is considered weightless and perfectly flexible, the 

tension of the string is the same 
throughout. Also the distance 
through which the load ascends, is 
i equal to the distance through which 
! the power descends. Hence from 
the principle of work it follows that 
W=P.: 
<. the Mechanical Advantage 


=] ve (89,1) 


In practice, however, due to 
friction at the pulley, W is always 
_less than P and so the mechanical 
advantage is slightly less than I. The 
pulley is used only in changing the 
direction of the force, a downward 
pull in this case being changed into 
an upward one. It is used for raising 
weights, drawing curtains, etc. 
Tn a single movable pulley (Fig. 114) the pulley is supported by 
4 string, one end of which is attached to a fixed support, while the 


Pt/IG—9 


Fig. 113 Fig, 114 
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effort P is applied at the other end. The weight W to be raised is 
attached to the pulley block. As the pulley is smooth, the tension T 
in any part of the string is P. The weight of the movable pulley 
being neglected, the weight W is supported half by the tension of 
the fixed portion of the string and half by the tension of the moving 
portion. Hence W—2P. 


<. the Mechanical Advantage =2 (89,2) 


Hence a given effort can raise a weight twice as much. In 
practice, as the pulley is not weightless, the mechanical advantage is 
alittle less than 2. (For different systems of pulleys and their 
mechanical advantages vide Appendix IB in Supplementary Volume). 


90. Wheel and Axle—It consists of two cylinders arranged so 
as to turn on the same horizontal axis ; one of these is a grooved 
wheel AB (Fig. 115) of larger radius called the wheel, while the other 
is a coaxial cylinder of much smaller radius called the axle which 
can turn freely on fixed support. A rope is wound around the axle, 
one end of which is fixed to the axle, while the free end supports the 
weight W. Another rope is coiled round the wheel in the opposite 
direction, one end of which is attached 
to the wheel, while the effort P is applied 
downwards at its free end. When the 
effort P is applied downwards, the rope 
round the wheel unwinds and that round 
the axle coils up. Thereby W moves 
upwards. 

Let the radii of the wheel and the 
axle be a and b respectively. When they 
make one complete revolution, a length 

€ 27a ofthe rope attached to the wheel 

: Fig, 115 unwinds, i.e, the initial point of appli- 
cation of P moves down through the length 2xa while a length 2zb 
of the rope attached to the axle coils round it; i. e., the initial 
position of W moves up through 27b. Now, the principle of work 
in an ideally frictionless machine states that the work done by the 
effort is equal to that done on the resistance. 

Hence, PX2za—W x2zb, 
or, Pxa-Wxb. 

«. The Mechanical Advantage 
_W a radius of the wheel 
P b radius of the axle 

.-. (90,1) 
By making a large and b small 
within practical limits, the 
mechanical advantage can be 
increased. A modification of 
the wheel and axle is the wind- = 
lass which is a device used to Fig. 116 
draw water from wells. It consists of a horizontal roller with 
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its handle attached to one end (Fig. 116). Another modification is 
the capstan which is used on board a ship to raise anchors by coiling 
the rope round a vertical axis. 

91. Toothed Wheels—In machinery, the speed of revolution of 
different parts is often required to be adjusted to suitable needs 
although the main shaft possesses a constant revolution. When the 
main shaft is at a considerable distance, it is usual to fix a fly-wheel 
with a broad rim at each shaft and to connect these two wheels with 
a belt of leather or rope running over the rims. The driven shaft 
can be geared to its fly-wheel, whenever necessary. Such a belting 
arrangement is shown in the diagram of the steam engine in Chapter 
X of the part on Heat. When the load on the driven shaft circuit 
is high or the friction between the rim of the wheel and belting is 
not sufficient, there may be a slip between the two and the desired 
rotation may not be obtained. Consequently, sufficient precaution 
must be taken to secure a good grip between the belt and the fly- 
wheel. Nevertheless, belting has one advantage, viz., that it can be 
run with a high speed. rapis on. 

To secure the best possible grip on? the fly-wheel without any 
Slip, the rim of each wheel is cut into a number of identical 
teeth, and a grooved 
chain fitting into such 
teeth may be made to 
pass over the two. Such 
anarrangementiscalled 
chain gearing or chain 
driving. The pedal of a 
T bicycle is connected to 

Fig. 117 the axle of the rear 
wheel by means of chain drive (Fig. 117) Insuch an arrangement 
the disadvantage at increasing speed is the considerable friction 
between the chain and the axle. 

When the shafts are quite close together, the rims of the fly-wheels 
are provided with teeth which engage with each other as shown in 
Fig. 118. The teeth of both the wheels are made exactly identical. 
The radius of a wheel is taken n 
to be the distance from the axis 
of rotation to a point at half the 
height of any tooth. The effective 
rims of the wheels are repre- 
sented by dotted circles. The 
distance along this dotted line 
between the mid-points of any 
two consecutive teeth is called 
the pitch of thetooth. Since the 
pitch of the tooth is equal on . ; 
both the wheels, the number of Fig. 118 
teeth multiplied by the pitch is equal to the circumference of a 
wheel. Thus ifm, and n; be the numbers of teeth on the wheels, p 
the pitch, and 7, and r; their respective radii, we note that,— 
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nyp=2nr, and ngp—2nr3, so that e (91,1) 
2 2 

If N, be the number of revolutions of the first wheel per second, 
then across any point, N,m, teeth would pass by during the period. 
A similar number of teeth of the second wheel would pass by during 
one second across that point. Let this number be Nina, where N, 
represents the number of revolutions per second of the second wheel. 

Thus Nn; —N;5, 

Na "y ^ by (9 
Le, Fl apr. y (91, 1) xis (91,2) 

Therefore, the number of revolutions is inversely proportional to 
the radius of the fly-wheel. To make the speed of the shaft double 
that of the driver, the secondary toothed wheel would have a radius 
half that of the primary wheel. 

92. Common (or Roman) Steelyard—The common steelyard 
is a machine for quickly weighing heavy bodies, It belongs to a 
lever of Class I. It consists of a long uniform rod CD (Fig. 119), 
turning about a fixed fulcrum O, which is situated a little away from 
the centre of gravity of the rod. A hook is attached to one end D 
of a graduated rod from which bodies to be weighed are hung. A 
movable standard weight P slides 
along the arm OC. The weight of 
a body is determined by finding the 
division at which the weight P is 
to be shifted, so as to make the rod 
horizontal The instrument is pre- 
viously calibrated and the divisions 
are engraved on the rod. Thus we 
i See that this steelyard is a class of 

Fig. 119 balance in which weighing is done 

by adjusting the power arm with a fixed load but not by changing 
weights as in a common balance. 


Platform Bałance—This is ffs no 
used to find the mass of a heavy Th = 
load. When used to weigh y Fa 
luggages and heavy parcels in i & 


a railway station, it is called 
a platform balance. It works 
- on the principle of à common 
steelyard as indicated in Fig. 
120. It consists of three 
levers fF,g, Fide and cbF,;, 
having their fulcrums respec- 
tively at F,, F, and Fs. The 
- platform P, upon which the 
load is to be placed, rests on 
two knife-edges a and b, fixed Fig, 120 
on the levers ad and cb close 
to the respective fulerums. Any pressure exerted on the platform 
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may be regarded as being distributed at the pointsa and b. The 
pressure is communicated to the end e of the lever ae and a very 
small force is required to balance it, as the arm F,e is much longer 
than F,a. Then e is again attached by a vertical rod to the point f 
of the lever fg which has its fulerum F, very near to f. Thus, à 
small effort acting at the end g of this can balance the force at f. 
Standard weights suspended from g constitute the effort. Very small 
fractions of weights are measured by sliding a small weight along 
Fg, which has been previously graduated for the purpose. 

It is evident that a considerable mechanical advantage is gained 
here, inasmuch as quite a small weight balances a very large one. 
The weigh bridge used for weighing trucks of coal,etc., or any loaded 
cart with its contents also consists of a platform resting on a system 
of levers, in which a system of small weights balances the load, so 
that there is also a considerable mechanical advantage. 

93. Inclined Plane—Sometimes a heavy load may be conveni- 
ently lifted upwards with the help of an inclined plane. Suppose AC 
to bea rigid plane inclined at an angle 0 with the horizontal line 
AB (Fig. 121). A load W is placed on the plane. Suppose further 
that there is little or no friction betweent hem. 

The weight of the load acts vertically downwards. The com- 
ponent of this force parallel to the "m 
plane is W’ which is W sin 9, Hence, 
if an effort P equal to this compo- 
nent be applied in the opposite direc- 
tion, the load may be kept stationary 
at any position on the plane. Thus, 
for equilibrium, P=W sin 0. 


or, P nA (93,1) 


where Land A are respectively AC Fig. 12 
and CB. Therefore, the mechanical advantage of an inclined plane 
is the ratio of its length to its vertical height. d 

94. Screw—The screw is a modified form of an inclined planc. 
The formation of a screw thread is understood from the following 
illustration : Imagine a vertical cylinder and a piece of paper cut 
in the form of a right-angled triangle. Place the triangular piece of 
paper with its base at right angles to the axis of the cylinder L and 
gradually wrap it round the cylinder (Fig. 122) The hypotenuse will 
trace a spiral path over the cylinder, which is called the thread of the 
screw. A screw is generally provided with an arm by which it can 
be rotated. Sometimes a groove is cut at the head of the screw so 
as to facilitate its rotation by means of a screw driver. When a 
screw is fixed up in a piece of wood or in a nut, then by the 
application of a torque, it turns round and moves bodily forward in 
the direction of the length. For each complete turn, the screw 
moves forward through a distance which is equal to tbe difference 
between consecutive threads measured parallel to the axis of the 
screw, €.g., a length PQ. This distance is called the pitch of the 
Screw. There are various forms in which the thread of screw may 
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be cut. Figure 123 represents screw with a square thread. Figure 
124 shows a screw jack which is used to raise a heavy load (such as a 
motor car) through a small height. The jack is placed on a firm base 
in such a way that its head B very nearly touches the underside of 
the load W to be raised. The screw S is then rotated by the handle 
H, where by it rises through a stout nut fixed within the cylinder C 
acting as its base. 


Suppose that a screw is rotated with a force P applied at right 
angle to the end of the arm of length /. Then, for one complete rota- 


Fig. 122 Fig. 123 Fig. 124 


tion the work done by the effort is 2/P. If the pitch of the screw 
is h and the resistance W, the work done against the resistance is 


hW. Since an ideal screw is supposed to have no loss of energy in 
friction, we get 


2xIP —AW, whence pa (94,1) 
But, for an actual screw, there is some loss of energy due to 
friction at various parts and so the force of resistance W falls short 
of the ideal value. So the ratio W/P becomes less than 2z//h. In 
practice, the efficiency of the fere o given by a) a 
.,actual mechanical a vantage _ W, h 
Efficiency velocity ratio Talh mp °° P42) 


Examples : 


1. 10men raise a marble block weighing 1 ton with the help of two triple 
pulley blocks. each weighing 100 Ibs. If half the energy is wasted in friction, 
find (i) the average pull per man, 


and (ii) the average horse-po 6) Jj 
if the block rises 10 ft. in every minute, — Power per man 


Ans. Total weight to be raised = weight of marble block ight of 
PER OU. SUEDE Ibs, = Ppa e lope 
S half the work is used in overcoming friction, total sistanc 
obw AN g » total resistance to be overcome 


As the number of segments of strings on the lower block is 6 : W=6P. 
:". the total efforts to te applied by 10 men (4680-6) =780 Ibs.-»t. 
Hence, average effort put in per man —(780:-10)—78 Ibs.-wt, 

-. the total work done in one minute =(4680 x 10)—46800 ft .-Ibs, 

". the work done per man per minvte = (46800 + 10)=4680 ft.-lbs, 
Hance the average horse-power Per man  —(4680-33000)—0'142 (approx) 
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.2. Auniform bar AB, 2 ft. long and weighing 3 lbs., is used as steel yard 
being supported from a point 4" from A. Find the greatest weight that can be 
weighed with a movable weight of 2 lbs. and find also the point from which the 
graduations are measured. 


Ans. When the movable weight is at the extreme end B, the weight, that can 
be weighed, is the greatest. Let this weight be W which acts at A. The distance 
of the fulcrum from A is 4”, 

The weight of the bar passes through the middle point of AB and the distance 
(rape fulerum) ofthe point of application of the weight is thus equal to 

,—4in.—8", 

Hence taking moments about the fulcrum, we find 

Wx423x84-2x20, whence the required weight W=16 lbs. 


Asthe weight of the steelyard acts through a point on the right of the 
fulcrum, the movable weight must act at some point on the left of the fulcrum 
to counterpoise the weight of the steelyard. Let the distance of this point from 
the fulcrum be x inches. 

Then 2xXx=3x8, whence x=12 inches 


Hence, the point does not lie in the bar, but is(12—4)=8 inches to the 
left of A. 

3. A screw jack with a pitch of 0°25 inch has a handle 30 inches long. 
A force of 20 Ib. must be applied when a load of 6600 Ib. is being lifted. 
Calculate the velocity ratio, the actual mechanical advantage and the 
efficiency. [E. P. U.—1953] 

Ans. The actual mechanical advantage — s -50—330 


Also the velocity ratio = 2ST 275356. 


i ; _actual mechanical advantage _ 330 o _ 43.99 
NIHU d velocity ratio Bree 9 81. 


EXEROISES ON CHAPTER VI 


Reference 
1. Define the terms ‘velocity ratio’, ‘mechanical advantage" Art, 87 
and ‘efficiency’ as applied to machines. [Mys. U.—1952] ‘ 

2. Describe a lever of Class III. Calculate its mechanical Art. 88 
advantage and show how the principle of work is satisfied there. 
[Utk, U.—1949) 

4. Give a very brief description of the second system of Art. 89 
pulleys and deduce the mechanical advantage. [E. P. U.—1952] 

4. Describe a simple pulley and explain its action, A pulley Art. 90 


system consists of a fixed block and a movirg block each containing 
three pulleys. Explain what the mechanical advantage is. 
(Del. H. $.— 1950] 
5. Deduce the mechanical advantage of a wheel and the Art. 90 
axle from the general principle of the conservation of energy. 
[P. U—1959, *61] 


6. Explain the construction and action of a railway platform Art. 92 
balance used for weighing heavy parcels on luggages. 

[U. P. B.—1962] 

7. What are the two ways in which effort can be applied in Arts. 
raising a body up an inclined plane ? Which is more advantage- 92 & 93 
ous and why ? [Mys. U.—1952] 

8. Derive an expression for the mechanical advantage of Art. 94. 


a screw. [P. U.—1959] 
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Reference 

Art. 94 9. Thearm of a screw jack is 15 inches long and the Screw 
has 10 threads per inch. Find the force (in seers) that will be 
required to lift one side of a lorry weighing 60 mds.  [P.U.—1962] 

Ans, 2°55 seers. 

Art, 94 10. Find the mechanical advantage and efficiency of a screw 
jack if an effort of 1 kgm. weight is applied at the end of the arm 
21 cm. long to lift a mass of 250 kgm., the pitch of the screw 


being 5mm. [E. P. U.—1960] 
Ans, 250; 94%. 
Art, 94 li. Describe a jack-screw and state one of its practical 


applications with which you are familiar, Neglecting friction 
and weight of the machine, find out an expression for its 
mechanical advantage. 

A jack-screw having a pitch of ‘25 inch is turned with a force 
6150 lbs.-wt., applied at the end of a handle 3 ft. from the 
axis of rotation of the screw. Calculate the load which the jack 
wil] be able to raise. [C. U.—1956] 

Ans. 45257 ibs.-wt. 


——— 


CHAPTER VII 


PROPERTIES OF MATTER 


95. Physical States of Matter—We already know that any thing 
that can be felt by senses is called matter. Matter can exist in three 
different states, namely solid. liquid and 8as. A solid preserves a 
definite shape and volume and opposes any force which tends to 
change its shape. A given mass of liquid has a definite volume but 
no fixed shape, and when at rest it takes the shape of the containing 
vessel which it fills, maintains a free horizontal surface and offers no 
resistance to any external force tending to change its shape. A gas 
has neither a definite shape nor a definite volume ; it entirely fills up 
any space in which it is enclosed and always tends to expand. Liquid 
and gas are both included under the common term fluid, for if yn- 
opposed, they can flow from one place to another. 

A few solids (like pitch and sealing-wax) do not, however, main- 
tain a definite shape, while liquids like treacle and tar do not readily 
assume a free horizontal surface. Such substances are Said to be 
viscous. On being heated, a solid may be converted into a liquid 
and a liquid into a gas, while on cooling the process may be reversed. 
"Thus ice, water and steam are the three different states of a substance 
of the same chemical composition. 

Constitution of Matter :—Atoms and Molecules— The problem of 
‘how a matter is composed’ struck the minds of people from ages 
past. They found that any material body is capable of being broken 
to pieces. They argued that if any substance be divided, subdivided 
and further subdivided into smaller and smaller pieces, can an 
ultimate limit be reached beyond which further fragmentation is not 
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possible ? The natural argument also leads to the conclusion that 
Subdivision of a matter cannot lead to ‘nothingness’ since something 
cannot be made ont of nothing. 

The earliest record regarding the constitution of matter is 
obtained from the writing of a Greek Philosopher Democretus 
(460-370 B. C.) who said that the universe is composed of atoms and 
void ; and such atoms are indivisible and everlasting. An Indian 
sage Kanad also propounded the same theory but he moved a step 
farther and said that void (vacuum) and atoms might be inter- 
changeable : atoms can be formed of void and viceversa. Kanad’s 
speculation has been theoretically supported by Einstein (1879-1955) 
in his Theory of Relativity by assuming ‘void’ as *energy' and 
experimental evidences have come recently from unclear Physicists. 

Any way we assume that the Atomic Theory of ancient Greece 
and India was more or Jess on speculation not based upon experimental 
evidence. The first logical and experimental support came from an 
English Chemist John Dalton (1766-1844) in 1805, along with a 
team of workers Antoine Laurent Lavoisier, a French Chemist (1743- 
1794) Joseph Louis Proust, another French Chemist (1754-1826) 
etc. But even then the difference between the atoms and molecules 
could not be established. It was not until in 1811 that Amedeo 
Avogadro (1776-1856) along with Joseph Gay Lussac (1778-1850) 
established beyond any doubt the distinction between the atoms and 
molecules and the part played by such particles in the formation of 
a matter. We now know that in all chemical changes and combination 
the atoms of elements take part. A molecules is the smallest particle 
of any kind of matter which can exist in free state and can show the 
Properties of matter. 

Intermolecular Spaces—When a body is compressed or when it 
is cooled, its volume contracts. On the other hand, its volume in- 
creases, when it is stretched out or heated. Again, if sugar is 
dissolved in water, the volume of the solution is less than the total 
volume of sugar and water taken separately. It is now known that 
in most solid substances, the molecules may be taken touch each 
other like a number of balls in a basket, As there is some space in 
between the balls, there is also a space of this kind in between the 
molecules of a solid body. This is known as intermolecular space. 
Any alteration in these spaces by any physical process produces a 
change in volume. $ À 

Intermolecular Forces—The forces of attraction, which hold 
together the molecules of a body, are called intermolecular forces. 
Such a force is exceedingly great when the distance between them is 
small compared to their dimensions; but this force becomes 
exceedingly small, when the distance exceeds a certain critical value. 
The molecules are supposed to be in a state of rapid motion due to 
which they tend to separate from one another ; but due to mutual 
attraction they cannot leave each other permanently. Thus the 
molecules are under simultaneous action of two opposing tendencies 
and a change in the relative proportion of such forces that gives rise 
to different physical states of matter. 
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In solid, the intermolecular attraction is far stronger than the 
molecular tendency to separate, so that the molecules are held 
together with a strong force, first investigated by Van der Waal (1837- 

J 


x » 
Fig. 125—Solid State Fig. 126.—Liquid State 


1923). In crystalline solid, the molecules retain their relative posi- 
tions by a regular arrangement. It is for this reason that a solid has 
a definite shape and volume and offers a great resistance to any 
change in its shape or volume. Fig. 125 is a very highly magnified 
picture of the element ‘iodine’ in a solid crystalline state. Note that 
each molecule is 
composed of two 
atoms in contact 
and how such mole- 
cules have arranged 
themselves in regu- 
lar rows, in a hori- 
zontal or vertical 
direction.Each ball, 
representing an 
atom,hasa diameter 
of the order of one- 
hundred millionth 
partof a centimetre. 
In a liquid state the 
molecular attrac- 
tion israther feeble, 
. so that any portion 
can move relatively 
to the other. A 
liquid has, therefore, no definite shape and yields to any 
external force tending to change the shape. Fig. 126 represents iodine 
inliquid state. Note that the regularity of structure of molecules is 
lost. Ina gas the molecules are widely separated from one another, 
so that the molecular attraction is practically absent and hence 
molecules can move about independent or each other. Fig. 128 is 


Fig. 127— Gaseous State 
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a picture of iodine in gaseous state. A gas, therefore, has no definite 
shape or volume but completely fills the containing vessel and offers 
much less resistance to any change of volume. 

Physical and Chemical Changes—Water when sufficiently cooled, 
changes into ice, and when heated, passes into vapour. But in each 
state the constituent molecules retain the same composition. The 
changes, in which the constituent molecules (and consequently the 
substance as a whole) retain the same composition, are called 
physical changes. If now electric current is passed through pure or 
acidulated water, two kinds of gases are produced. The proper: 
ties of these gases are quite different from each other and also differ- 
ent from those of water. Again, if electric sparks are passed through ` 
a definite proportion of hydrogen and oxygen, the gases explosively 
combine to form water. Such changes, in which the constituent 
parts lose their identities and give rise to a substance having different 
properties, are called chemical changes. 

96. Properties of Matter.—Properties possessed by bodies in. all 
their physical states—solid, liquid or gaseous—are termed general 
properties, while those properties, that are found in a particular 
state (or states) but nof in all the three states are called special 
properties. 

Density —Every substance, whether a solid, a liquid or a gas, 
contains some quantity of matter and so possesses some inertia. If 
the body be homogeneous, the mass contained in a unit volume of 
the body is called the density of the substance of which the body is 
made. Hence, density is a general property. 

Elasticity—It is the property, by virtue of which a body offers- 
resistance to external forces tending to change its volume or shape 
or both, Whenever deformed up to a certain limit, it would tend to 
regain the original volume or shape. 

A body is said to be perfectly rigid, when any external force, how- 
ever large, cannot produce any relative displacement ofits constituent 
elements. No body, however, is perfectly rigid ; but substances such 
as glass and steel possess rigidity to a very high degree. Again, a 
body is said to be perfectly elastic when it completely recovers its 
original volume or shape after the deforming force has ceased to act. 

Elastic Limit—No body is perfectly elastic. It is, however, found 
that a boby would behave as a perfectly elastic body ( i.e., it would 
completely regain its original condition), when the deforming force 
does not exceed a certain limit depending on the nature of the body. 
This is called the elastic limit of the substance, of which the body 
is composed. If the force is increased still further, the body acquires 
a permanent deformation and is said to be overstrained. $ 

Elastic Fatigue—If a comparatively large force even within the 
elastic limit acts upon a bony for a time, the body does not readily 
return to the original state, even when the deforming force has 
ceased to act. The body is then said to be in astate of elastic fatigue. 
If the force is taken away and the body is allowed to rest for some 
time, it gradually recovers and comes back to its former state: 

Hardness—It is the property, due to which one solid offers resis- 
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tance to being scratched by another. There is no absolute value for 
the hardness of a substance ; but it is a relative property and is deter- 
mined by referring the particular substanee to a scale of hardness 
(usually Mohr's Scale of hardness), in which substances are arranged 
in such a way that each of them can be scratched by any that follows 
in the list but not by any that precedes it. Steel is harder than many 
substances, and diamond is the hardest of substances known. 

Cohesion—Jt has already been mentioned that the molecules of 
a body attract each other with a force which tends to bind the mole- 
cules to one another. The binding force is called the cohesive force 
and the phenomenon is known as cohesion or Van der Waal force. In 
the case of cohesion, the forces of attraction bind molecules of the 
same kind, Cohesion is very high in solids, so that the molecules are 
bound to one another with a great force and this gives a definite 
shape to a solid. It is, however, different in different solids. 
Cohesion is also exhibited to a slight extent in liquids and is 
practically absent in gases. The formation of drops by liquids 
when in small masses (e.g., dew or rain drops) is due to cohesion. 

Adhesion—The force of attraction, that binds molecules of 
different Kinds, is called adhesion. Due to adhesion water adheres to 
glass. If a glass plate is made to float on water, great force will be 
necessary to take off the plate. Sticking wood by glue, joining bricks 
by mortar and the process of soldering or nickel plating are instances 
of adhesion. Properties such as surface tension, viscosity, diffusion, 
etc., which are characteristics of fluids, are dealt with in Supple- 
mentary Volume of the part of General Physics. 

97. Stresses and Strains —When a force ( or a system of forces 
acting upon a body) causes a relative displacement of its various 
parts, a change of length, volume or shape takes place. The body 
is then said to be strained by the force and the change in length, 
volume or shape of the body relative to the original quantity is called 
astrain. The strain is, therefore, a pure ratio and has got no unit. 

When a body is put to strain by external forces, internal forces 
of reaction are called into play due to relative displacement of its 
parts, which tends to restore the original shape of the body. The 
reactions, set up within the body, are equal and opposite to the 
forces applied, so long as there is no permanent distortion. The 
restoring force generated per unit area of the body is called a stress. 
The internal forces of reaction called into play during a state of 
deformation of the body are, by Newton's Third Law of Motion, 
equal and A to the externally applied forces. Hence, we 
measure a stress by examining external forces per uni i 
the deformation of the body. ER ; ee i ne 

(i) Volume Stress and Strain—When the body is subjected to 
uniform pressure acting perpendicularly at any point on the surface, 
there is a change in volume only without any change in shape. 

y gi Pp 
Suppose that a body of the shape of a cube represented by 
ABCDKLMN (Fig. 128) is acted upon by a uniform force P 
perpendicular to its faces. This system of forces will tend to 
squeeze the body uniformly from all directions and éonsequently 
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the body would contract in volume, its shape remaining unaltered 
The amount of con- ý 
traction isproportional 
to the magnitude of 
the pressure applied at 
each face, provided 
that a certain limit, 
called the elastic limit 
dependent on the mate 
rial of the body, is not 
surpassed. Figure 129 
shows the nature of 
contraction, in which 
the face ABCD con- ; 
tracts to EFGH. Fig. 128 Fig. 129 
Correspondingly other faces contract by the same amount. If V be 
the original volume of the body and v the change produced in this 
volume, then ; Volume Strain=y/V. (97,1) 

Bodies in all the three states may suffer volume strain. In the 
case of solids and liquids, the strain produced is very small even for 
a large force, while in the cases of gases, the strain is appreciable. 

When the body is squeezed in volume by the application of 
external forces perpendicular to the surface of the body, is tends to 
regain the original volume due to elasticity. Hence, the stress deve- ' 
loped within the body is equal to the externally applied force. per 
unit area of pressure. If P be the force applied on any face of the 
cube and if the face area be « the normal stress is P/«. : 

(ii) Shearing Stress and Strain—When a solid is strain ed in 
such a way that it undergoes à change only in shape or form but no 
change in volume it is said to suffer a shearing strain. 

Let ABCDEFGH represent a rectangular block (Fig. 130) whose 
face DCGH is kept fixed 
to a horizontal bed. Let 
a system of force act 
uniformly and tangen- 
tially over the faces DG 
and BE, so that the 
plane BE is displaced 
through a small distance 
relatively to the face DG 
and the block assumes a 
form CDLKGHIJ of a 
rhombus. The material Fig. 130 Fig. 131 
of the block between the 
faces DG and LJ undergoes a change in form only but no change 
in volume. The block, therefore, suffers a shearing strain, which is 
measured by the angle ADL(Fig. 131) called the angle of deformation 
or angle of shear. 

Let ZADL=0, AD—b and AL=x. 

As 9 is small, 9=tan 6. 
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«o the shearing strain=@=tan =F +--(97,2) 

The relative displacement for planes at unit distance apart is 
known asthe displacement gradient. The corresponding stress is 
called the shearing stress. Ifthe area of the upper or lower face 
is s, on which the tangential stress is acting, then : 

the shearing stress =P|s=p, say. 

The elasticity in this case is called the elasticity of shap2 or 
simple rigidity. As only solids possess a definite shape of their 
own, this kind of elasticity can occur in solids only. 


(iii) Longitudinal Stress and Strain—If a body, which is very 
long in comparison with other dimensions (for example, a thin rod 
or a wire), is acted upon by stretching forces P, P at both ends in the 
direction of its length, the deformation takes place lengthwise, i.e., 
along the length only ( F:g. 132 ) ; the strain in this case is termed 
the longitudinal strain or tensile strain. 


P — eee p 
C A HD 
Fig. 132 
If L be the original length of the body and / the change produced 
in this length, 
the longitudinal strain=I/L. (97,3) 
The corresponding stress is sometimes called the tensile stress 
and in such a case the elasticity is termed Jongitudinal elasticity. If 
. P be the force acting at each end of the specimen over an area of 
cross-section «, the tensile stress is P/x. 


98. Hooke’s Law; Modulus of Elasticity—In all cases of 
Strains, there should be some relation between the strain (or defor- 
mation) produced and the deforming force. Robert Hooke (1635- 
1703) experimentally found that in all cases of stresses and strains 
within elastic limits, the stress developed is proportional to the 
Strain. This is known as Hooke's Law. 


Hence, stress oc strain, i.e., cues =constant -.. (98,1) 


rain 

This constant is termed the modulus of elasticity or coefficient of 
elasticity and depends only upon the nature of the material and the 
kind of the deforming force used to produce the strain. The modulus 
may also be defined as the stress developed to produce unit strain. 

Different Moduli of Elasticity—The modulous of elasticity 
becomes different according to the nature of the strain produced. 
As sirain is a pure ratio, each modulus is expressed in the same unit 
as the corresponding stress. 

(i) Bulk Modulus—Let a force of p dynes per unit area act 
normally all over the surface ofa body of volume V and thereby 
produce a diminution in volume y. Then ; 


Stress— force (in dynes) per unit area=p and strain v/V. 
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<. the modulus of volume elasticity (or bulk modulus) K is 
given by k= iy dynes per sq. cm. ... (98,2) 


If the force is expressed in poundals and area in square inches, 
the unit of bulk modulus is then expressed in poundals per sq. inch. 
Asa body possesses some volume in every state matter, the bulk 
modulus is a general property. A liquid possesses very high volume 
elasticity. The reciprocal of bulk modulus is called compressibility. 

(ii) Modulus of Rigidity—Let a body undergo a change only of 
shape or form, as in Fig. 130, without any change in volume, due to 
a tangential force p per unit area. Then: 

shearing stress=p and shearing strain 0—x/b. ` 

^. the Modulus of Rigidity n= Pd ve (98,3) 

The unit of rigidity modulus is of the same nature as that of 
bulk modulus. 

The shape of a solid may be changed in various ways, viz., by 
flexure or bending, by torsion or twisting and by tension or stretch- 
ing. The elasticity of flexure is the property, by virtue of which a 
straight rod or plank bent by the application of a force would 
recover itself when the force is taken away. Elasticity of flexure is 
found in clock and watch«springs, bows, carriage springs, etc. 

The elasticity of torsion is brought into being, when one end of : 
a wire is kept fixed, while the other end is twisted. This is shown 
by suspending a ball from a long wire fixed at the upper end. When 
the ball is rotated about a vertical axis, every longitudinal fibre of 
the rod would be twisted and elastic forces due to shear would act 
within the rod. 

(iii) Young's Modulus (Modulus of Longitudinal Elasticity)]— 
Suppose a wire of length L cm. and of cross-section « sq. cm. is 
stretched by a force P dynes along its length and that thereby it 
suffers an increase of / cm. in the length. (For a detailed exposition 
vide J. Chatterjee's Intermediate Practical Physics.) 

Then the tensile stress P/x and the tensile strain —//L. 

Young's Modulus y= kT dynes/sq.cm. ... (98,4) 

The modulus is named after an English scientist Thomas Young 
(1773-1829). y 3 ND 

(iv) Poisson's Ratio— When a rod is subjected to a longitudinal 
extension by a tensile stress, it is accompained by a lateral contrac- 
tion. The ratio of the lateral contraction and longitudinal strain is 
called Poisson’s (1801-1872) Ratio. If b be the amount of contrac- 
tion of a rod of width B, the lateral contraction is b/B. The longi- 
tudinal strain is //L. Thus Poisson's Ratio, usually denoted by o is 


given by : 
b/B _ dL ws (98,5) 


It has got no dimension. For along and thin wire, this ratio is 
negligibly small and may be neglected. 
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Work done in a strain— When any type of strain is produced on a system 
by some external force,the strain gives rise.to a corresponding tyre of stress. So 
long as the external force is not applied, no strain (and hence no stress) can be 
generated. If now, the external force, applied to the system, be continuously 
increased itis clear that so long as the elastic limit is not exceeded, the 
deformation of the system increases proportionally., At every stage, the stress 
developed within the body is equal and opposite to the external force applied. 

When the external force is gradually increased, there wou'd bea gradual 
deformation of the system. Consequently, the external force, originally applied 
at some region of the system, would shift its point of application along with the 
displacement of that region due to strain. Hence in moving through some 
distance the external force does some work onthe system. The greater isthe 
strain, the larger is this amount of work done. Suppose that an external force 
in rising from a zero value to F makes a total displacement S of its point of 
application, We may simplify the idea by assuming that the average value of 
the external force is àF. Hence the total work done in bringing about the 
deformation is 3FS. " j 

Fora unit cube ofa medium, the force F applied at any face is the stress, 
since the face area js unity. The displacement of any face area represents the 
strain, since the distance between opposite faces is unity. Hence the work done 
per uuii volume of a medium due to elastic deformation is à X (stress) x (strain). 
This work goes to igcrease the heat energy of tbe medium. When the external 
force is withdrawn, this amount of work is given out by the system. . 

99, Experimental Determination of Young's 
Modulus—Two exactly similar wires A and 
B (Fig. 133) of the material under investiga- 
tion are hung up close to each other from 
the same fixed support. The wire A has a fixed 
load W attached to its lower endso as to keep it 
taut and a short scale S, graduated in mm. is 
fixed to this wire towards the lower end. The 
wire B is the experimental wire, to which is 
attached a weight hanger at the lower end. On 
this hanger weights are placed to stretch the 
wire. The wire carries a vernier V which 
slides along the main scale S. 


At the start, the experimental wire isstretched 
by a load of 1 or 2 kg. to make it free from 
kinks. This is usually called the dead ioad. 
The length of the wire B, from the point of 
Suspension to the point where the vernier is 
attached, is measured with an ordinary metre 
scale. The diameter of the wire is measured at 
Several places by means of a screw gauge, and 
at each place two readings are taken at right 
angles to each other. The mean of all such 
readings is the average diameter of the wire 
half of which gives the average radius, 


If the fixed load W is not already with 
the main scale, it is to be put. The reading of 
the vernier is taken, Then loads on the experi- 
mental string are increased by equal instalments 
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oil kg. and reading of the vernier is taken at eash step. The 
differance of readings gives the corresponding elongation in each case. 
Tae total load must not however stretch the wire beyond the limit 
of elasticity which is about half the breaking load. For finding the 
breaking load see next page. The weights are then removed one by 
one in equal instalments as before and the readings of the vernier 
are sgain noted. The two sets of readings should agree fairly well and 
from these sets the mean elongation for a given load is calculated. 
Let the length of the wire be L cm., the mean radius of the wire 
be ” om. and the mean elongation of the wire be J om. corresponding 


to the load of W gms. 
; : = Wa | l „WoL dynes 
/. Young's Modulus Y TET vont 


ari eee (99,1) 

Very often a graph (Fig. 134) is drawn with the load as abscissa 
and the corresponding elongation as ordinate. Within the limits of 
elasticity this graph is a straight line, showing that Hooke’s Law is 
true, ‘This is 
because we can 
write equ.(99,1) 
in the form 

-I oxw- 
‘ Yar* W 
KxW where 
K is an instant. 
Hence relation 
between J and 
W is linear. 
Any suitable 
elongation and 
correspondi n g 
load may be 
taken from the 
graph and tbe 
caleulation for 
Y may be made 
as before. 

The two 
wires are fixed 
to the same 
support, since 
any yielding 
of the support 
due to a load 
on either wire xia 
would equally oad in Kilograms 
affect the de- Fig. 194 , 

“pression of both the wires. They are also of the same material, £o 
rthat any change of temperature may affect both of them equally 
! without altering the reading, 


gees i Pt, I/G 10 


Elongation in milimetres 
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When the extra load over the dead load is zero, the excess strain 
also is zero, so that the graph passes through the origin. If the load 
is increased too much, the stress goes beyond the elastic limit and the 
wire gets a permanent elongation until for a certain limiting load the 
wire breaks down. This load is called:the breaking weight for the 
wire. The breaking weight for a wire of unit cross-section is called 
the breaking stress for the material of the wire. To find the breaking 
weight for a certain wire, we are to multiply the corresponding 
breaking stress by the area of cross-section of the wire. 


The following Table supplies the various types of elastic constants 
for common substances : 


Young's Rigidi: Volume 
Modulus pidity 3 Poisson’s Elasticity 
Substance (dynes/cm.* UE Ratio (dynes/om. 
x10) xion) 
Aluminium TO 1'67 94 T46 
Oopper 12'8 4°55 “337 191 
Bteel 20'9 812 29 16'4 
Bilver T6 2°87 $94 100 
Constantan 16'2 61 *325 16°5 
Manganian 1294 4°65 “83 121 
Brass 9'7 to 10°2 86 "84 to ‘4 10°65 
German Silver 11'6 4'8 to 4'T "97 se. 


100. Elasticities of Liquids and Gases—It has already been stated 
that liquids and gases are termed fluids, for they can flow from one 
place to another. When a fluid flows, there is a relative motion of 
different layers of the fluid. Any small force would start the motion 
of the layers. But when the force is withdrawn, there is no tendency 
of the fluid to take up its original shape. For this reason we say 
that neither a liquid nor a gas has any fixed shape; but both take up 
the shape of the containing vessel. In this respect they differ from 
solid bodies, Since the fluids do not show any tendency to maintnin 
their shape, they cannot have longitudinal or sharing elasticity, But 
since at any temperature and pressure they have a measurable 
volume and they would more or less resist such a change in volume, 
fluids possess a volume elasticity. 


As already defined, the volume elasticity (or bulk modulus) is the 
ratio of a small change in pressure on a fluid and the corresponding 
change in volume per unit volume of that substance. The reciprocal 
of the bulk modulus is called the compressibility. The bulk modulus 
of a liquid ls measured by putting the liquid in a glass or metal bulb 
with a uniformly graduated capillary bore. Then the bulb is placed 
in & pressure tank containing mercury or another liquid. By means 
of a force pump pressure is increased both outside and inside the 
bulb, and the change in the level of the liquid in the capillary bore 
is read, whereby the change of the yolume is known, Knowing the 
increase of pressure by an apparatus called a marometer (vide Art. 
168), the bulk modulus can be found, The chamber, in’ which the 
bulb is placed and is subjected to a uniform pressure both inside and 
outside, is called a piezometer, The bulk modulus of liquids is high, 
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since liquids are almost incompressible, For water at 25°C, the 
value is 219 x 10*° dynes per sq. cm. 

It would be seen subsequently that at a uniform temperature all 
gases very closely obey Boyle's Law. (Vide Art. 149) If P be the 
pressure on the gas having a volume V at some temperature and if 
by increasing the pressure by a small amount p, the volume of the gas 
is decreased by v, temperature remaining constant, then by Boyle's 
Law, we obtain the following relation— 

PV-(P-p(V-v)-PV-Pv-*pV-—pv. Now pv is negligibly small 
as compared to other quantities, and so it can be omitted from the 
equation 


* te increase of pressure 

Pert Shanes, v/V proportional change of volume’ 

Hence if a gas obeyirg Boyle’s Law be compressed, the volume 
elasticity is equal to its pressure. This is also called isothermal 
elasticity of a gas. 

If, however, a volume of a gas be compressed so suddenly that the 
heat produced due to compression cannot escape but goes entirely to 
heat up the gas, the process is called adiabatic transformation. In 
such a case the pressure-volume relation of a gas is given by 


PV" = constant, were y is the ratio of the specific heat of the gas 
at constant pressure and the specific heat of the gas at constant 
volume (Vide HEAT, Art. 49). In adiabatic compression of a gas,— 


LS increase of pressure - Bulk Modulus. 
is v/V proportional change of volume s SO UE 
Thus the adiabatic elasticity of a gas is equal to y times is pres- 
sure. (For deteiled study, vide SOUND, Art. 17). 


Examples : 

1. A mass of 20 kgm, is suspended from a vertical straight wire 600 om. long 
and 1 sq. mm. in cross-section. When the load is removed, the length of the 
wire is found to be 5995 cm. Find the Young's Modulus for the material of 
the wire, 

Ans. The original length of the wire L=599'5 om. 

and the elongation in the wire |*(600— 599*5) cm.=0'5 om. 


.'. the deforming force per unit area = 20% 10" X98 dynes/sq. om, 


20 x 10* x 981 | 599°5 x 
Hence, Y ETATE Xo 5 dynesjem, 
=9'85x 101? dynes/cm.* 

2. A uniform steel wire of density T'B gm, per c.c. weighs 16 gm. and ig 
950 cm. long. It lengthens by 1'2 mm. when stretched by a force of 8 kgm. 
weight, Oalculate the value of Young's Modulus of steel. (Gan, U.—1958) 

Ans. Let the area of cross-section of the wire be « ¢q./om. 

Then the volume of the wire- 250« c.c. 

Since mass= volume x density, 2604X 7£—:6 gm. 

16 


whence «= 350xT8 
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foree —. BX1CO0X981 X9EOX T8 aynesteq. om, 


sb iir cross-section 16 


and strain=elongation per unit lergthe 2. 
= Stress _ 8 x 1000 x 981 x 250.x 7*8 X 2504 snesfom, 1 


bier ru 16x'12 

By use of a log-table for calculations we find 

log 8 2.09031 log 16-1041 125827 

log 1000 =8'0000 log ‘12=1:0792 0*2883 

log 981 =2'991T '2838 122994 

log 250 =2'3979 antilog 12°2994=1°993 x 10' * 


log T'8 =0'8921 

log 960 = 9°3979 
125827 

.. Young's Modulus for steel=1'993 X10"? dynes/sq. om, 

8, A stress of 1 kgm. per square milimetre is applied to a wire, of length 
100 om. of which the Young's Modulus is 10'? dynes per sq. cm. Find (a) the 
{noroase in length and (b) the work done per unit volume of the wire during the 
stretching. (Raj. U.—1951] 

Ans, Tho word ‘stress’ In the problem is rather loosely used to mean the 
external force. 

(a) Thus the external force belng 1 kgm. per sq. mm., the stress on it is 


foroo _ 1000x981 m " ` 
AI dynos/om.*=981x10* dynes/om.*. 


force por unit aros —— 
amc elongation per unit length ' 


whence the elongatlon per unit length = BEX jo" ^ 
;. the Inozongs in length e 220%981%10" | 00981 om, 


10!* 

(b) Again, stross-981X 10* dynos/om,” and strain 981x 1077 

4, work done per unit volume & (stress) x (strain) 

= $981 X10" x98, X 107? erga 48118 ergs (approximately). 

4. Find tho change in volume of a ‘solid iron sphere of radius 5 om. 
subjected to a uniform hydrostatic pressure of 0'l ton weight per square inch, 
the bulk modulus of iron being 14x10'! dynes per sq. om. 
4x8 14x 5* 

—3 R 


11390 AX 28 x 82:3 x 13825 4 ? 
154x264 gneuon 


Ans. The volume of V of the spheresízr!z 


Normal stresa='1 ton/sq. Inoh 
Bince nal, it follows : 
pa nV, AX 14x 5" X8X 96 x 322x 19825 
k 8x 54x 9'54x 14x 10? * 
5, Bhow that the energy spent in Stretching a wire of length I, om. and 
radins r om. by } om. is given by UL 3 » where Y is its Young's Modulus of 


elastlelty. (Raj. U.—1954] 


stres _ force/xr* 
Ans. We know Y= iia on" 


i 0.0, = 5°786 X 10710,0. 


UTR 
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^ he force required to stretch the wire by l em, Yr dynes. Bo long 


as the wire is not stretched, the pulling force is zero. Thus we can say the 


average force on the wire is ji Y dynes with which it has been stretched 
by | cm. 


\*,. work done=energy spent = force x displacement = yt 


ergs. 


401, Friction—The surface of a solid is never perfectly smooth. 
Consequently, whenever one body slides over another, there is a sort 
of resistance to its motion. Hence if two bodies be in contact with 
each other and if we try to drag one of them over the other, a force 
is set up ab the surface of contact and this force tends to resist the 
motion. This is calle the force of friction between the surfaces in 
contact. The friction is due to the roughness of the material surfaces. 
in contact, So if the surfaces be perfectly smooth, there is no force 
of friction to oppose the motion. The force of friction always acts 
parallel to the surface in contact and opposite to the direction of 
motion. Friction is a special property of solids. When a liquid or 
a gaseous mass flows, there is something like frictional resistance 
between various moving layers. This peculiar type of friction within 
fluid media is called its viscosity. 

Suppose a rectangular solid body G (Fig.185) is at rest on a plane 
horizontal surface. The forces acting on G are (i) its weight mg 
acting vertically downwards, and (ii) the re- P 
action B, acting vertically upwards. In a state B 
of rest the upward reaction B balances the 
weight mg and no friction is brought into 
play. If now a small force P be applied to G 
parallel to the surface, a resistence (say, F) is 
offered against the motion. If this body is still Fig. 185 
at rest, it is in equilibrium under the action of 
the four forces B, F, P and mg. As B is equal and opyosite to m; 
the forse F must be equal and opposite to P. 

As P is increased, F also increases. It is found that ss long as P 
does not exceed a certain limit, there is no motion, F being so long 
always equal to P. The resistance F, which is thus brought into 
play by the external force P in a direction opposite to that of the 
latter is a self-adjusting force and so long as the body is at rest, that 
force is equal to the pulling force. The force F is called the frictional 
force between the two bodies in contact. 

102, Limiting Friction—Although friction is a self-adjusting force, 
it does not however jacrease indefinitely with the external force. 
Thus, if the external force P is gradually increased, the force of ` 
friction reaches & maximum (or limiting) value which depends on the 
nature of the surfaces in contact and the magnitude of the pressure 
(ie. the normal force) between them. The body is now on the point 
of sliding and the friction then exerted is called limiting friction 
between the two surfaces under the impressed normal force. If the 
external force be jacreased further, equilibrium is lost and the body 


begins to move. 
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The friction is said to be sliding or rolling, according as one body 
slides or rolls over another. The dragging of a heavy load over the 
ground, the rubbing of hands, etc., furnish examples of sliding friction, 
while the rolling of a cart-wheel on the road offers an example of 
rolling friction. 

When motion has once set in, the force to be applied so as to 
maintain a steady montion is found to be slightly less than that 
necessary for starting the motion. Sliding friction is thus slightly 
Jess than limiting friction. If, when the equilibrium is limiting, the 
normal reaction and the frictional force be compounded into a 
resultant single force. The angle, which this resultant makes with 
the normal to the surface, is called the angle of friction and the 
single force is called the resulant reaction. 


Friction plays an important part in our everyday life. Without 
friction on the ground, we would not have been able to walk; 
without friction we cannot fix nails, tie knots, climb trees, etc. 
Again, it becomes sometimes necessary to increase the friction, for 
example, when sand is thrown on uphill railway lines after rains or 
when violin bow is rubbed with resin. When a brake is applied, it 
comes in contact with the moving wheel and owing to the fricticn 
produced the car is stopped. 

Also in many cases friction is to be minimised. Thus, in the 
moving parts of different machines, friction is reduced as much as 

J possible by lubri- 
cating oil, graph- 
ite, vaseline, etc. 
Figure 136 shows 
the cross-section of 
thə collar bearing 
in which the axle 

Fig. 136 Fig. 137 S of the revolving 

part is loosely fitted 

80 as to be able to rotate. The Space between the two is well 
lubricated. Roads are covered with tar macadam so as to present an 
even surface, while the rims of wheels are provided with rubber 
tyres and motor cars with pneumatic tyres, To diminish friction to 
the greatest possible extent, agate kaife-edges are used in balances and 
jewel centres in watches. Again, since a rolling friction is less 
than sliding friction, heavy Pieces of furniture are provided with 
wheels at the base, which can rotate in different vertical planes. 
In bicycles, etc., the sliding friction is replaced by rolling friction 
with ball-bearing arrangement, in which a number of hard steel balls 
ara placed loosely in a metal case round the axle. Figure 137 shows 
a. ball-bearing arrangement, in which the axle § is very free to move. 


103. Laws of Friction—When one body is at rest in contact 
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Laws of Limiting Friction: 


(1) The direction of the limiting friction is opposite to the direc- 
tion in which the point of contact tends to move. 

(2) The magnitude of the limiting friction always bears a constant 
ratio to the normal reaction. 

(8) The constant ratio depends only on the material and the 
naturo of the surfaces in contact but not on their extent or shape 
80 long as the normal reaction remains the same. > 

Coefficient of Friction—The constant ratio of the limiting friction 
to the normal reaction acting across two surfaces in contact is called 
the coefficient of friction and is usually denoted by 4. Thus if 
F be the limiting friction and R the normal reaction, then 


bee nb ice rn E .. (108, 1) 


The value of the coefficient of friction is different for different 
pairs of substances; but it is always less than unity for any pair. 
When one body is sliding over another, the force that is required to 
maintain the motion, is slightly less than that at start. Let the 
force for the maintenance of motion be F,. Then the coefficient of 


dynamic friction #, is denoted by w= Es, whence F, = 4 R....(108, 2) 


Again, if the resultant reaction between the two surfaces is 
denoted by Q and the angle of friction by %, then 
F=Qsin« and R=Q cos4, 


‘whence Fein « or M=tan4, ». (108, 3) 


In other words, the coefficient of friction is equal to the tangent 
. of the angle of friction. 

Angle of Repose—Let a body of weight W be placed somewhere 
on a rough inclined plane AB (Fig. 188). At that region the weight 
W acts vertically downwards and the reaction R acts normally to 
the plane AB. Under the action of these two forces the body would 
tend to move down the inclined plane. 
But the motion is opposed by 
the frictional force between the 
plane and the body, such force acting 
opposite to the direction of motion. 
If the inclination of the plane to the 
horizontal is small, the force of fric- 
tion may be equal to the resultant 
force tending to drag the body down 
the inclined plane and the body would 
remain at rest. If the angle of incli- 
nation is gradually increased, the Fig. 138 
sliding force increases; so also does li 
the force of friction. But ultimately the friction reaches its limiting 
value F, say. The angle, which the plane now makes with the 
horizontal, is called the angle of repose. 
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From the centre of gravity of the body drop a normal to the 
horizontal line AC. 

Let the force of friction be=F and the angle of repose be=9. 

Then the component of W parallel to the plane =W sin 0 

and the conponent of the W normal to the plane = W cos 6. 

". for equilibrium, Wsin@=F and Weos6=R; 


or tan =E =u=tan«, whence 0=4. 


BO. height of the plane ws (103, 4) 
AO length of the base 3 à 

Hence the angle of friction is equal to angle of repose, which is, 
therefore, also called the limiting angle of friction. The coefficient 
of friction u is obtained by dividing the height by the base of the 
inclined plane at the limiting ange. 


Also u-ían60- 


Example : 
A solid cube is placed on an inclined plane. If the angle of friction is 30°, 
caloulate the coefficient of friction. [P. U.—1951j 


Ans. Since the coefficient of friction is equal to the tangent of the angle 
of friction, 


Aidan 90%= — «OSTIA. 


104. Motion of a body on a Rough Inclined Plane—Let a 
body of mass m be placed upon a rough inclined plane of inclination 6 
to the horizontal when the equilibrium is limiting. Let ^ be the 
coefficient of friction between the body and the plane. Let the 
normal reaction be R: 

(i) Let the body be on the point of moving down the plane, so 
that the frictional force F acts up the plane. According to the 
preceding Article, we get for the reaction R and frictional force F, 

R=mg cos@ and F=/R=Hmg cos 6. 
«~. the resultant force on the body down the plane 
7mgsin0-umg cos 0 = mg (sin 0— a cos 6). — ... (104, 1) 
Hence the acceleration of the body =g (sin 0 — 4 cos 6) 
i ARA =9 sin (0-4), 34 
{sin 0 — tan « cos 6) VOR (104, 2) 

Since w=tan « fron eqn. (103, 3) 

Gi) Next suppose that the force P, acting on the body parallel to 
the plane and along the line of the greatest slope, drags the body wp 
the plane. In this case F acts down the plane and its algebraic sign 
is reversed. Then the resultant force acting on the body up the plane 

=P — mg sin 0—/mg cos 0 — P — mg (sin 6 + tan « cos 6) 
=P- mg Sin (0 4) (104, 3) 
cos « 

Hence the acceleration = 2. —. sin (6+ «) 
T cos « 


body is just in equilibrium, there is no acceleration, so that 


* When, however, the 
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P_ sin(6+4) o or, P- mg sin 0 —/^mg cos 6=0, 

m cos « 
whence P=mg (sin 0+4 cos 0). r (104,4) 

105. Determination of the Coefficient of Friction— The coeffi- 
cient of friction between two soild surfaces can be determined by the 
following method : 

(1) A horizontal table is made of one material. Place a block of 
another material (Fig. 139) on the table. One end of & light string 
is attached to a hook fixed to the block, while the other end passes 
over a smooth pulley fixed a} the end of the table and carries a scale 
pan, A known weight is now placed on the block. Weights are then 
placed on the scale pan, till the block is just on the point of motion. 
This condition can be ascertained by tapping the plane gently. Let 
the total weight of the block and the load be equal to W and the total 
weight on the scale pan be=w. Then 
the force of limiting friction=w and 


seihe normal reaction R= W. AR 
Hence the Coefficient of Friction 
hele F w 
is given by 4# RW 
Repeat the experiment with W 


different weights on the slab and 
take the mean value of /. 
(2) An inclined plane is made ai 
of one material and a rectangular 
slab of another material is placed Fig. 139 
on it. The angle of inclination of the plane is gradually i 
till the slab is just on the point of sliding down the um jalan 
Bince the slab is in limiting equilibrium, the tangent of 
of inclination of the plane to the horizontal i8 equal fo the raed 
of friction. Keeping the plane fixed at the position, the height and 
length of the base are measured. The tangent of the angle of incli- 
nation is thus found, whence the coefficient of friction is obtained 
(Vide J. Obatterjee's Intermediate Practical Physics) 
The following Table supplies the Ooefficients of Limiti i 
tions between common substances : eee Frio 


Coefficients of Limiting Friction 


Substances Coefficients Substances 


Coefficients 
e_—_— | 


Wood on wood 0'8-0°5 Stone on stone 


Metal on wood 01.03 | Metal on leather 05 
Metal on metal 02-05 Metal on stone 055-065 


Examples : 
1. A metal block of mass 2000 gm. slides from rest 


d 
plane, the slope being 1 in 5. Find the resultant force Fia rough inclined! 


coeffüolent of friction being 0'15 (g=980 om. per seo, per sec.) the plane, the 
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Ans, The resultant force down the Plane=mg sin <—F=mg sin «—uR 
=mg sin &—umg oos «=mg (sin <«—p cos x). 


Here sin « sp (e that cos «ein ; 47015 and m=2000 gm. 


+. the required resultant forca- 2000 x 980 x ( —0'15 x z) dynes 


=103880 dynes (approx.). 
2. A metal block is placed on a metal plane inclined at 80° to the horizontal. 
"If the mass of the block be 500 gm. and the ‘coefficient of friction be 02, what 
force must be supplied (a) to keop the body from sliding down the plane, (b) to 
move it up plane? [Utkal U.—1954] 
Ans. The component of the weight of the block moving it down the plane 
de mj sin 0—(500x g x5) dynes= 250g dyn:s. 


Also the normal reaction of the Plane=mg cos 0=500 xg x T. dynes 


7250 ,/3g dynes. 
The frictional force is thus equal to umg cos @="2x 250 V3g dynes=50 J3g 
rdynos=86'5 xg dynes. ‘ 
Hence, tha force required to keep the blook in position = (250 —86'5)g dynes= 
1635 gm. wt, To pull the block up the inolined plane, the force required is 
forces my sin 0 and umg cos ð, Thus the ogy 
limiting force is equal to (250+86'5)g dynes =336'5 gm. wi. 


'beglas to move up the plane. QCaloulate the coefficient of friction, the weight 
of the scale pan being neglected. (Dac, U.—1958) 


Ans. Let the required coefficient of friction be w. As the weight in the 

pan is 50 gm., the body is pulled up along the plane with a force 50g dynes, 
Since W «50g and R=W cos 850g cos 80° and F-4R-50ag cos 80*. 
Honoa by (104,4) 50g «50g sin 80*-F504g cos 80°, 


or, Ath Me, whence the required coefficient of Irlotion =. 


EXERCISES ON CHAPTER VII 


Referenco 

l. What is Hooke's Law? Explain the terms ‘stress’ and Art, 98 
“atrain’, In what units are they expressed ? (Del. U.—1963 ; 
P. U.—1951; U. P, B.—1953 ; Raj. U.—1964) 

2. A wire 0'4 om. in diameter is loaded with 95 kgm. weight, Art, 98 


A length of 100 om. is found to be extended to 102 om. Calculate 
4the Young's Modulus of the material of the wire, (0. U.—1953) 

Ans. '9X10'? dynes/om.*, 

9. Define Young's Modulus ot Elasticity. How do you Arta, 
determine Young's Modulus for a steel wire? (0. U.—1953 ; 99 & 100 
And, U,—1951; U. P, B.—1942 ; Raj. U.—1951 ; Dac. U.—1943 ; 

Del H. B.—1960 ; Del. U.—1949, "62; Vis, U.—1964) 


4. A copper wire, 2 metres in length and ‘5 mm, in diameter, Art. 99 
Yo strotched by a weight of 3 kgm. and the elongation of the wire 
ds 2°38 mm. Find Young’s Modulus of the wire, 

Ans. 92x10'* dynes/cm.?, " 


5. A steel wire of length 200 cm. and of diameter 0'025 om, Art, 99 
is suspended from an unyielding support and loaded with 500 gm. 
An elongation of 0'231 cm. is observed, Calculate Young's Modulus 
for steel, (g—981) (Vis, U.—1954) 
Ans 92x:01 dynes[cm.*, 


ART. 104 


Reference 
Art, 99 


Art. 100 


Art, 103 


Art, 104 


Art. 104 


Art. 104 


Art, 104 


Art. 104 


Art. 103 


Art. 103 
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6. Calculate the work done is stretching a wire assuming 
Hooke’s Law. A copper wire, 2 metres long and 3 sq. mm. cross- 
sectional area, is suspended vertically and a load of 5 kilograms is 
attached to the lower end. Calculate the work done is stretching 
the wire, if Young's Modulus for copper is 1°2x 10%? dynes/cm.* 
and g=981 om,/sec.?. (Poona U.—1960) 


Ans. 6'7X10* ergs. 

7. Calculate the sh aring stress and strain produced in a rod of 
diameter 1 inch subject to a shearing force of 2 tons weight ; n= 
2100 tons weight per eq. in. 

Ans. 255 tons we'ght ; l'2X 107* radian, 

8. Define modulus of elasticity. Obtain an expression for the 
isothermal elasticity of a gas obeying Boyle's Law. 

What is the isothermal elasticity of air when 1 gm. of air at 
97°C occupies 100 c,o.? One litre of air at N. T. P. weighs 
1'293 gm. (Nag. U.—1964) 

Ans. 8'6+10* d;nes/om.*. 

9. Show that once a body is just ready to slide down an 
inclined plane, the tangent of the angle of the inclination of the 
plane is equal to tho coefficient of friction. 

(Del, H. 8.—1952; O/. Nag. U.—1952; Dac. U. —1963) 


10. A boly of 2 lbs. rests in limiting equilibrium on a 
rough pu whose slope is 45". It the plane is raised to a slope of 
T: d PY zr along the plane will juat vind ei the body ? 

792 {t./aeo.* Poona U.—19. 

Ans. "128 lbs, wh. 50 

11. What is the acceleration of a block sliding down a 80° 
slope when the coefficient of friction is 0°25 ? (Poona U.—1954) 

Ans. ‘2886 g. 


13, A block of stone of mass 4 kgm. is just moving up a slope 
1 in 20 by a force of 2x 10* sd applied parallel to the inclined 
plane. What is tho value of thé coefficient of friction between the 
surface in contact ? 

Ans, 046. 


18, A body of mass 5 kilograms is boing pulled up along a 
rough Inolined plane with an acceleration of 6 om./seo,* by means 
of a weightless stering running parallel to the plane. If the incli- 
nation of the plana be 45° to the horizontal and coefficient of 
friction between the body and the plane bo 0'8, find the pull in 
the string. (Pat, U.—1962) 

An; 45:286x10* dynos, 

14, A body of mass 4 lbs, rests in limiting equilibri 
rough plane whose slope Is 30°. Tho plane boing ied ko. A slo " 
of 60", find the forces required along the plane when the bol 
(i) ia on the polat of sliding down and (ii) is on the point a 
moving up the plane. (Nag. U.—1959) 

Ans. ti 2°81 Ibs, ; (#4) 4°62 Ibs. wt. 

15. Explain fully the terms ‘Friction’ azd ‘Limitin , 
Justify tho statement that friction as a necessity and poeta ee s 
some familiar methods for reducing and increasing friction, $ y 


P. U.— 
16. A ladder 80 ft, long rests with one end TELA Tad 


vertical wall and with the other on the ground, whi 

the coefficlent of friction being 0'5. Find how high eee rh, 

wolght is four times that of the ladder, can ascend before it be one 

to slip, the foot of the ladder being 6 ft. from the wall, ging 
Ans. 88 ft. Hence the man may ascend the full length with 

a chance of slip of the ladder. out 


| 


HYDROSTATICS 
CHAPTER VIII 
PR&SSURE IN LIQUIDS 


106. Hydrostatics—It is that branch of Physics which deals with 

"the properties of fluids which are at static equilibrium under the 

action of external forces and pressures exerted within their own 
masses or on the sides on the containing vessel. 


Fluid—A fluid is a substance which has no shape of its own and 
which tikes up the shape of the containing vessel. Liquids and 
gases fall under the category of fluids. A given mass of liquid has 
got a definite volume at a given temperature under ordinary pressures 
but gas possesses a volume dependent on temperature and pressure. 
Main‘enance of a definite shape, as is the characteristics with solids, 
is due to rigidity as illustrated in Art 95. Every solid possesses 
elasticity of shear. But from the fact that a liquid or a gas cannot 
maintain a definite shape we understand that it possesses no shearing 
elasticity, although the compressibility of & liquid is extremely small, 
while that of a gas is considerable. 


Fluid Pressure—If a number of holes be made at the side and 
the bottom of a vessel containing a liquid, the liquid is found to 
: come out through all the openings. If any body 
wants to stop the outflow of the liquid by covering 
ihe holes with suitable plates or with fingers, he will 
feel that some force is to be applied from outside on 
each plate to keep it in position. This shows that 
the liquid inside exerts some force on that part of the 
containing vessel with which it is in contact, It is 
also found that this force always acts at right angles 
to the wall of the vessel at that point. The force 
thus exerted by a liquid on a surface is called the 
thrust of the liquid (Fig. 140). Tt is due to this thrust 
(shown by arrow-heads) that the liquid forces its 
way through an opening of the containing vessel. If the wall of the 
containing vessel is strong enough to withstand this thrust from 
point to point, the liquid remains steady within it. Hence, the wall 
exerts a reaction to fluid pressure, 

The pressure of a fluid at rest on any surface is the normal force 
or thrust exerted by the fluid on a unit area of that surface, The 
Pressure is said to be uniform, when the thrusts on any two equal 
areas of the surface are equal, If P be the total thrust exerted by 


the fluid uniformly on a surface of area A, the pressure p on it is 
given by 


Fig. 140 


EP 


x .«. (106,1) 

The pressure exerted by & liquid on the wall of a vessel may be 
uniform or may vary from point to point. If the pressure is not 
Er the expression P/A gives the average pressure over the given 
surface, 
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sure at a Point—The pressure at a point due to a fluid is 
be the normal force exerted by the fluid on an unit arca 
hat point. In the C.G.S. system the pressure is expressed 
dynes or in grammes-weight per square centimetre, while in the 
. system it is expressed in poundals per square foot or pounds- 

t per square inch. Suppose, for instance, that a hole of 6 sq. cm. 
ea is made at the side of a vessel containing a liquid. A plate 
fitting the hole is pressed against to stop the outflow of water. 
forco of 48 gm. wb. is just required to check the outflow, the 


107. Pressure in a Liquid—That a liquid exerts pressure on 
side of the containing vessel may be shown by making a hole 
ywhere in its wall when the liquid would be forced out. There is 
1 some pressure at any point within the mass of liquid. This can 
= be shown by the following experiment : 
= Take a thistle funnel F and stretch a thin sheet of rubber over 
ibs mouth. Connect the funnel to a glass tube G (Fig. 141) of a 
= narrow bore, by = 
t means of a length of 
rubber tubing T. A 
drop (I) of a coloured 
liquid, introduced 
‘into the glass tube, 
as an index. 
: The glass tube is 
supported horizon- 
tally and a scale S is placed along its side. If the rubber membrane 
5 now pressed with finger, the index moves forward and the larger 
is the pressure, the more does the index move away. When the 
_ pressure is withdrawn, the drop comes back to the initial position. 


Now take & deep vessel V containing water and introduce the 
ünnel into the liquid ; the index is seen to move outward. Move the 
nnel to greater and greater depths and note that the index moves 

more and more from its initial position. This proves that pressure 
ntinuously increases with the depth of the liquid. Now keep the 
anel at a certain depth (say, at O) and mark the position of the 
E on the sone. Turn the mouth of the funnel slowly to different 
à s about this point. Note that the index does not move with 

ES lon of the funnel. Therefore the amount of pressure around 
i min point within the liquid is equal. Now displace the funnel 
E zn xk point in the same horizontal plane and turn it to 

E d js ons as , before, Note that the position of the index 
pe eos RE Hau pressure at the same horizontal level 
Eod m dS Seelen was successfully carried out 


Th C 5 
follo EA fae Sa a mass of liquid at rest the experiment gives the 


' ii 9 p Sae exerts pressure at every point within its mass and in 


"j RQ 


Fig, 141 
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(ii) The pressure at any point in the liquid or at different roints 
on the same horizontal plane is the same in all. directions, 

(iit) The pressure at a point within a liquid is directly troycr- 
tional to its depth. 


108. Vertical Upward Pressure—If an empty test tube is pushed 
down into water with the closed end downwards, the tube on being 
it released springs up due to the upward force 
exerted by the liquid at its bottom. The following 
experiment further demonstrates the pressure of 
vertical upward pressure, 

Take a wide glass tube T with one end evenly 
grinded. Hold a thin plate P of glass ( or metal ) 


l 


TRINA 
L2 
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UT 


4 
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Lateral Pressure—A cylindrical vessel of thin tin sheet fitted 
with a stop-cock T on one sido near the bottom is filled with water, 
On being placed on a suitable piece of cork it is arranged to float on 
water ( Fig. 148), When the stop-cock is opened water flows out 
and the cylinder is seen to float away slowly in 
^ direction opposite to that issuing water, 

the fact that when 


A out of ts of bes, 
tbe oponi action of the stream at tho bonds ar qu CDO bent tubes, 
the openings causes the whole apparatus to rotate in ^ direction 
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109. Magnitude of the Pressure within a Liquid—Let a surf, 
of area A (Fig. 144) be immersed in a liquid at a danih). 
below the free surface of the liquid and kept there in a horizontal 
position. Imagine vertical lines to be drawn from every point of the 
boundary line of this surface till they reach the surface of the liquid. 
Such vertical lines envelope a column which is filled with the liquid. 
This column of liquid is clearly standing on the surface of area 4 
which serves as its base. The weight of this liquid gives the thrust. 
on the base area, If the density of the liquid be p and the accelera- 
tion due to gravity at the place be g, the volume V of the water 
column on the area is 4h and its weight is equal to Ahpy. Therefore, 
the total downward thrust T upon the surface is glven by 

T= Ahpg. - oe - ++ (109,1) 

The total pressure on a surface immersed horizontally in a liquid 
is equal to the weight of the column of the liquid, whose base is the 
given surface and whose height is equal to the depth of the surface 
below the free suface of the liquid. 

If P denotes the downward pressure at any point on the surfaco, 
then remembering that pressure is the force or thrust per units ares, 


e pe AP e hpg, t E UNS 


This is also the megnilude of the pressure in the upward as well 
as in any other direction at the point. Tho above relation shows that 
the pressure ab 
any point within 
the liquid is 

roportional to 
i) the depth of 
the point, (ii) the 
density of the 
liquid and (iii) 
the acceleration 
due to gravity at 
the place of ob- 
servation, The 


air above the 
freo surface of Pi 14 udin 


the liquid also exerts the force of its weight on the liquid surface, 
The weight of air acting per unit area is enlled the atmorphiric 


pressure, and if this per unit aroa be s, the total pressure 
M & phó e e HD below the free surface of the liquid is equal 
to atgP 


A tall jar with a number of openings on the side is taken (Pig. 
145). When tho jar is filled with water, the water is seen to como 
out in streams from different holes; but the flow of a stream in- 
creases with the depth of a hole from the free surface of water in the 
jar. This indiontes that within the liquid the pressure increases with 
the depth, Since pressure is force per unit are, the dimension of 
pressure is force+ ares or MLT ^ * L' eML''T'*. 
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*110. Whole Pressure or Resultant Thrust—It has already 
been stated (Art. 106) that the effective pressure exerted by a fluid on 
the walls of the containing vessel is always at right angles to the 
surface of contact, This is equally true, if there be any par ition wall 
within the liquid. In the experiment to demonstrate the existence of 
pressure in all directions around a point within a liquid (Art. 107), 
a thistle funnel, covered with a piece of rabber membrane on the side, 
was taken down within the liquid to a certain depth and was slowly 
rotated in different directions. The position in the index was found 
to be fixed; this shows thas the force exerted by water on the 
rubber membrane was the same at a given'depth, being always at 
right angles to the surface of the membrane. This force is called 
the whole pressure on the membrane, which may defined thus : 

If, for every small element of area of a material surface immersed 
in fluid, the force perpendicular to the surface of this small element 
be found, the sum of all such forces taken over the whole area of the 
surface is called the whole pressure or resultant thrust of the fluid 
upon the given surface. 

Oonsider any plane surface of area A immersed ina liquid in any 
position, horizontal or inclined [Fig. 146(a). Suppose that the 
surface is composed of small 
elementary areas snch as a, 
Gg, Q3,...Qn. Then the verti- 
cal columns of the liquid, as 
shown in Figure 146(b), are 
standing upon the elementary 
areas, each contributing to the 
whole pressure on the surface. 
Let the depths of these surface 
below the free surface of the 
liquid be hi, he, has.. , hn 
respectively. Then the thrust 
of the liquid column standing 

Fig. 146 upon a; ata depth h, perpen- 
(a) €) og to the bape of the 

surface is g/G,h,, where p is 
the dentity of the liquid. In a similar way, it may be shown that 
the thrusts on other elements are gpa;h ha, ec. Hence, th 
gpàsha, gpashs, , the 

resultant thrust is the sum of the individual thrusts. Thus: 

Whole eic * gpasha t. 

7 gp(ash; * asha +... änhn). 
If h denotes the depth of the centre of gravity G of the surface 


A below the free surface of the liquid, it t 
principles of Statics that x Bo orm 


Ah 7a,hi *agha + «anh. 

Hence, the whole pressure T= A77, . (110,1) 

In the preceding article it has been shown that the ihrust on a 
horizontal surface of area A at a depth h below the surface of a 
liquid equals AAgp. Hence the magnitude of the whole pressure is 
independent of the inclination of the surface, provided that the 
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depth of the centre of gravity of the surface below the free surface 
of the liquid remains same, 


Centre of Pressure—If a surface be immersed in a liquid, the 
point, ab which the resultant thrust on the surface acts, is termed 
the centre of pressure of the surface. Whon the surface is kept in a 
horizontal position within a liquid, the point of the surface, where 
a vertical line dropped from the centre of gravity of the liquid 
column meets the surface, is the centre of pressure. 


111. Hydrostatic Paradox—Since the total pressure on an area 
A immersed horizontally at a depth h in a liquid of density p is 
given by Ahgp, the thrust at the bottom of a vessel due to the 
liquid within it depends only on the area of the base and the 
height of the liquid column but neither on tho total quantity of the 
liquid contained nor on the shape of the vessel. This can be 
demonstrated by Masson’s experiment, as described below. 

A, B, O and D are glass vessels, known as Pascal's vases each 
being open at both ends. They 
are of different shapes and 
sizes ; but the base of each is 
of equal sectional area, so that 
each one can be screwed to the 
same socket of the platform F 
(Fig. 147). A disc R, attached 
to one arm of the lever L, can 
press water-tight against the 
bottom of each vessel which 
can be screwed to the platform. 
At the other end of the lever is 
attached a scale pan §,on 
which weights os be ed 

inter P slides along a 
eA stand attached to the Fig. 147—Thrast on tho Baso 
platform and can be fixed at any height by a clamp. 

Screw one of the vessels (say, A) to the platform and put suitable 
weights on the scale plan. Now slowly pour water into the vessel 
till the disc just gets loose and allows some water to fall down. Mark 
the height of the water by the pointer P. Remove the vessel A 
and repeat the experiment with another vestel. It will be found 
that the water in it begins to trickle down when the height of water 
in this vessel is the same as in the former one. The experiment 
shows that the thrust on the base depends on its area and on the height 
of the liquid column but not upon the shape of the vessel. At first 
sight this appears inconsistent. That is the reason why the experi- 
mont is known as the hydrostatic paradox. 


Pasoal (1623-1662) demonstrated hydrostatic paradox by a very 
simple experiment. A long narrow tube about 30 ft. in length, was 
fixed vertically to the top of a hollow stout cask. Water was gradually 
poured into the tube till the pressure became so high as to burst 
the cask. Although the quantity of water added was very small, the 
thrust at the bottom of the cask became equal to the weight of & 


Pt, 1/4—11 
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&eolumn of water whose base was that of the cask and whose height 
was equal to that of the water column from the bottom of the cask 
*to-the level of water in the tube. 

(103*112. Thrust at the Base—The resultant thrust on any surface 
immersed within a liquid depends upon the surface area, the depth 
of the centre of gravity of the surface below the free surface of the 
liquid, the density of the liquid and the acceleration due to gravity 
at the place of observation. Hence, if the position, shape and area of 
the base of the vessel containing a liquid are known, the whole pressure 
‘at its base may be found from an observation of the height of the liquid 
level within the vessel. For a horizontal base, the whole pressure upon it 


Fig. 148 Fig. 149 Fig. 160 Fig. 151 
is gpAH, where H denotes the vertiosl height of the liquid surface 
standing upon it. Consequently, if yessels of different shapes but 
of equal base area be placed so that their bases are horizontal and 
if all be filled up with a liquid toan equal level, the resultant thrust 
at the bases of all the vessels would be equal. In the preceding 
article this has been verified in the experiment with Pascal's vases, 

Now consider a cylindrical base (Fig. 148). Up to a level LK let 
the vessel be filled with a liquid of density 9. Let G be the position 
of the centre of gravity of the base. Denote by H the height of the 
free surface of the liquid above G. If the area of the base be 4, the 
whole pressure (or thrust) Z of the liquid column is geAH acting 
perpendicularly to the surface area CD, as shown in the sectional 
diagram (Fig. 149). If the liquid within the vessel be steady, the 
base offers a reaction R which is equal and opposite to T. 

Imagine a horizontal plane surface XY (Fig. 150) to pass through 
the point G of base of the vessel extending up to the walls, 
Then the volume of the liquid within the vessel is equal to the 
volume KLXY, since the volume XGC=the volume YGD. Now 
the surface XY= Area of the base CDxcos 0-4 cos 0. Therefore 
the volume of the liquid=HA cos 0 and hence its weight W acting 
vertically downwards is g?AH cos 0. 

Again, the base, reaction R may he resolved into a vertical 
component R cos 0 and a horizontal component R sin 0 (Fig. 151). 
But since R is equal to gPAH, we have on resolving the force 
system along the vertical and horizontal directions : 

R cos 6=gf.4H cos 0 and R sin 0=g?.4H sin 6, 
4.6. R cos 06 — W and R sin 6=F, say. 
' Thus the vertical component of the base reaction supports the 
weight of the liquid, while the horizontal component prevents the 
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base from moving aside. Similarly, the weight W of the liquid 
together with the lateral thrust F of the liquid on the base of the 
vessel produces the resultant thrust T. If the shape of the vessel 
BODE be as represented in Fig. 152, (the base OD being horizontal) 
and if the liquid is filled to a height H, the reaction R of the 
inclined part EK has got a vertical component, say V. The resultant 
thrust at the base of the vessel is the sum of the liquid thrust and 
the vertical component V. In this case also the thrust at the base 
exceeds the weight of the liquid. 

It is now easy to understand why in Pascal's vases although 
masses of the liquid in different vessels are different, equal upward 
thrust maintains the same liquid height in different vessels. 


Fig, 153 Fig. 163 Fig. 154 Fig, 155 


Consider the uniform cylinder LODK with vertical walls (Fig. 153). 
The reaction of the walls is everywhere horizontal and has no 
vertical component.  Henoe the thrust at the base is only duo to the 
weight of the liquid being proportional to the height of the column 
LO. When the vessel is wider at the open end (Fig. 154), consider 
a vertical column of liquid standing upon the base OD. The thrust 
at the base is due to the weight of this column only. The two 
other columns on two sides of the vertical column are being sup- 
ported by the vertical component of the wall reactions and haye 
nothing to do with the thrust on the base. For the vessel with a 
tapering end (Fig. 155), consider the column LODK. Clearly the 
thrust on the part OD of the base is due to the column of water 
standing upon it. The thrust on the parts LO and DK are partly 
due to the weight of water standing upon them and partly due to 
the vertical components of the wall reaction. The parts LO and KD 
in this figure are inverse of those of the preceding figure and con- 
sequently the vertical component of the wall reaction on LO or KD 
is equal to the weight of the column LOP or KDQ. Hence the 
thrust at OD is due to a uniform column of liquid with OD as base. 
If now the base areas be equal, the thrusts at the base of all the 
vessels due to liquids standing at equal heights are equal, although 
the actual quantity of liquid differs from vessel to vessel. 

Examples : $ 

1. The pressure at the bottom of a well is 9 times that at a depth of 9 ft, 
What is the depth of water in the well, if the pressure of the atmosphere is 
equivalent to 30 ft. of water? (Utkal U.—1951) 

Ans, Let the depth ot water be h ft, The pressure at the bottom of the 
well=gp(h+30), where p stands for density of water in F. P. B, units, The 
'pressure at a depth of 2 ft, I8 gp X(80--2). Now by hypothesis, à 
-i "gp(h3-30)—gp X2(30+2), whence the desired height h=34 ft, 
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2. A oube, each of whose sides is 20 om. is suspended in a liquid of density 
1°2 with its sides vertical and its upper surface at a depth of 30 om. below the 
free surface of a liquid, Find the thrust in grammes weight on each of its faces, 
(Neglect atmospheric pressure.) 

Ans. The upper surface of the cube is at a depth of 80 om. and so its lower 
surface is at a depth of 50 om. The centre of gravity of each of the vertical 
face is 40 om, below the suriace of the liquid. Therefore, 


the thrust on the upper surface- (20x 20x30x1'2) gm.-wt.= 14400 gm.-wt. 

the thrust on lower surface= (20 X20X 50X 1'2) gm.-wt. 4000 gm. wt. 

and thrust on each vertical face=(20 x 20x 40 X 1'2) gm.- wt. 19200 gm.-wf. 
g. A rectangle of length ] and breadth b is immersed vertically in water with 
the aide b on the surface of water. Calculate the thrust and the centre of pressure 
on tho rectangle, (Mad. U.—1950) 


Ans. The ares of the rectangle ib. If the density of water be p, we find that 
the resultant thrust due to the liquid=pxlxbxh, where h is the depth of O. G. 
below the free surface of the liquid. 

Now, as the rectangle is suspended vertically with the side b on the surface, 
it is evident that #=1/2, Thus whole pressure due to the liquid- pi*b[2. The 
centre of pressure on the lamina is at the point where the two diagonals of the 
rectangle meet. If the atmospheric pressure is taken into account, and if P be 
SES IN TOMUS per unit area, the total air pressure- Plb which is to be added 
to $pi?b. 


113. Transmission of Fluid Pressure—A change of pressure at 
any point of a liquid or a gas causes an equal change in pressure 
at all other points within it. The transmission of fluid pressure, as 
given by Paseal's Law, may be stated as follows: 


The pressure exerted anywhere in a mass of œ confined fluid is 
transmitted by the fluid in all directions, so as to act with undimi- 
nished force per unit area and at right angles to the surface exposed 
to the fluid, E 


To verify Pascal's Law in-the ease of a liquid we take a vessel 
with a number of openings of different cross-sectional areas a, b, c, d, 
etc., (Fig. 156), all 
of which are fitted 
with water-tight 
movable pistons. 
| à] The vessel is 
ETE completely filled 
with water and 
the pistons kept 
in position as 
shown in the 
figure. If any one 
of the pistons (say, 
. Fig. 156 Fig. 167 the topmost one), 


; be now ‘essed. 
inwards, all other pistons will be found to move ORAN which 


shows that pressure is transmiited in all directions. 


Again, if a force F, be applied on the piston whose area of cross- 
section is a, the pressure p applied per unit area is F,/a. It will 
be found that in order to maintain the positions of the pistons on 
areas of cross-sections 0, 6, d......, additional forces Fa, Fs, Passes 
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are to be respectively applied to them, so that Fe/b, Fs/o, F,/d,...are 
all equal. In othar words, the pressure on each piston is the same. 
This shows that the pressure is transmitted undiminished in all 
directions. 


To verity Pascal's Law another simpler apparatus may be used. 
Two cylinders of sectional areas A and a respectively are connected 
with a pipe, the cross-section A being larger than a (Fig. 157). They 
are filled with water to some height and fitted with water-tight pistons 
P and p, Assume the pistons to be of negligible masses. 

On the smaller piston p, let a weight w be placed. Then the 
pressure applied on this piston is given by p-w/a. This pressure is 
transmitted through the liquid to the larger cylinder and the piston 
P ig pushed upwards. It is found that to maintain equilibrium, 
i.e., to keap P in position, a weight W is to be placed on this piston, 
8o that : 

wad, Hone ad s Uae, (118,1) 
a w a Aa 

This shows that the force transmi:ted per unit area is equal. 

For example, if the cross-section a and A be 1 sq. om. and 50 
sq. om. respectively and if a mass of 1 kgm. be placed on the piston 


~ p, a mass of 50 kgm. is to be placed on P for equilibrium. This 


illustrates the principle of multiplication of forces by transmission of 
fluid pressure. 


But the working of the apparatus does not violate the principle of 
conservation of energy. If L be the distance through which W descends, 
the work done by O is WL. If w ascends through l, then work 
done upon w is wl. For coming down through L, the liquid that is 
transferred to the narrow limb is LA which must be equal to la, since 
the liquid is incompressible. Therefore LA —/a. 

d Ld 
un from equ. (118,1) 


or, WL wl. ...(113, 2) 


So work done and work received are equal and conservation of 
the prineiple energy is verified. 


Examples : 

A bottle of length 40 om. full of water with a bottom of 80 sq.om. area has a 
cork fitted to it. The cork has 1 sq.cm. as its area of cross-section and is pressed 
in with a force of 40 gm. wt. What is the total thrust on the bottom ? 

4 Del. H. 8.—1952) 

Ans. The total thrust at the bottom of the bottle is the sum of tbe thrusts 
due to water within it and the thrust due to the cork, The thrust due of atmos- 
pherio pressure is cancelled, because it acts at the bottom of the vessel vertically 
downwards as also upwards on the cork. 

The pressure due to the cork is transmitted undiminished to the bottom. The 
pressure exerted by the cork=40 gm. wt. per cm.*. Hence the thrust due to 
this at the bottom=(pressare) X (area) =(40 30) gm.-wl. = 1200 gm.-wl. 

It the vertical height of the bottle be 40 cm., the pressure at the bottom due 
fo water=40 gm. wt. per om.*. Hanoe the thrust dae to water=30x 40 gm -wl. 

.. the total thrust=(1200+1200)=2400 gm.-wi. 
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114. Hydrostatic Bellows—The principle of transmission of fluid 
pressure is also illustrated by: the Hydrostatic Bellows designed by 
Pascal. It consists of a long glass tube C (Fig. 158) attached to 
stout India-rubber or leather bellows B. The bladder is placed on a 
table while the tube is held vertically. The bladder and part of the 
tube are filled with water. A piece of light board may be placed 
on the bladder, A heavy weight W placed on the board, can be 
supported simply by the weight of the column of water in the tube. 
The pressure exerted by the column of water in the tube is transmitted 
undiminished into the bladder and produces on the entire upper 
surface a vertical upward thrust proportions! to 
its area, This thrust supports the weight placed 
on the board. The board is used for uniform 
distribution of the pressure exerted by the weight 
placed on the bladder. 

Hydraulic Press—The principle of multipli- 
cation of forces by transmission of fluid pressure 
is utilised in the working of a Hydraulic Press. 
This is used for exerting enormous force, as in 
compressing bales of paper, jute, cotton or cloth, 
in extracting oil from seed, testing the strength 
of iron beams, in punching holes through metal 
plates, eto. 


It consists of two iron cylinders C and T 
communicating with each other through a stout 
metal pipe ( Fig. 159 ), the cross-section of C 
being many times larger than that of T. In each 
cylinder there is a solid rod R or P acting as 
the water-tight piston. The piston in T is worked 
by a lever L, having the fulerum at the end. Fig. 158 
The piston in O is a large iron ‘ram’ R which carries a platform 
at its top. Above the platform there is a fixed plate supported 
on iron pillars S. The object 
to be pressed is placed on 
the platform on R. A reser- 
voir filled with water (or 
any other liquid ) is in com- 
munication with the cylinder 
T through a pipe fitted with 
a valve V which allows water 
to flow only in one direction 
from the reservoir to the 
cylinder. There is another 
valve V fitted to a side 

Fig, 159 tube to allow water to pass 

only in one direction from 

the smaller cylinder to the bigger one when the piston P is worked. 

The above improvement was devised by an engineer Bramah (1701- 
1773) and the press is, therefore, sometimes called Bramah’s Press. 

As the piston P is raised by the lever L, the value within the 
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side tube is closed and the inlet valve becomes open, whereby water 
from the reservoir enters the cylinder T below the piston, If now 
the piston is lowered, the pressure inside increases, due to which the 
valve within the side tube is forced open and the inlet valve is 
closed. Consequently water passes into the cylinder O. Thus during 
each upward stroke of the piston a quantity of water is drawn. into 
T, and during the next downward stroke this water is pushed into 
the cylinder C. The pressure applied on the piston is thus transmit- 
ted to the water in O and produces on the ram R an upward. force 
which is many times greater than the force applied at the piston P. 
When the ram R is to be lowered, the tap K attached to the 
connecting pipe is opened, and water due to the weight of the ram 
is forced back into the reservoir. This tap must be closed before the 
press is operated, By closing the tap K the ram may be kept under 
a pressure for a considerable period. Let the areas of cross-section 
of T and OC be «x and @ respectively. To the end of the lever L 
apply a force F,. If the thrust generated on the piston P be Fa, we 
find from Statics in the Chapter on lever that: 
Fs. power arm 
F, resistance arm 


= longor arm | y d ps 2H F 
AE E JC Fa=mF, pL (114,1) 


Let the total force generated on the ram be Fg. 


Mechanical Advantage m= 


Then m= c Aag, by (114,1) (114,9) 
Further the mechanical advantage of the machine 

a Fs mS 28V 48 

E m s f .. (114,8) 


We neglect here the effect of friction at different parts of 
the machine. So by applying a small force at the lever, we get 
a much larger force exerted on the ram, Thus if the longer arm of 
the lever be 10 times that of the shorter one and the area of 
cross-section of the larger piston be 100 times that of the smaller 
one, the force on the ram becomes (10 x 100)=1000 times the force 
applied at the lever, so that the mechanical advantage of the machine 
comes out to be 1000. 

As explained below, the principle of Conservation of Energy may 
be applied in this case. Tho decrease in the volume of water in 
T is evidently equal to the increase in the volume of water in 0, Tf 
the ram is raised through a distance ~s and the piston in T is pushed 
down through 2, it is easy to see that Xr, = vs. 

M1 BBs, Ghence Eam, m afa T iee 1144) 

fo X Fe 

Now work done on the smaller piston ^ Fors 

and work done by the larger piston=F yr. 


From (114,4) it follows that the work done by the larger piston 
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is equal to that done on the smaller piston when frictional loss is 
neglected. This is according to the law of conservation of energy. 


Examples : 

1, The diameters of two pistons of a Hydraulic Press are lin. and 6 in. res- 
peotively. What multiplication of force will be produced ? (Del. H. 8,—1949) 

Ans. By Pascal’s Law the pressure acting on the two pistons must be equal, 

Now forca=(preseure) X (area of cross-section). Let F, and F, be the forces 
acting on the shorter and the longer pistons of radii 0'5 in, and $ in. respectively, 

Equality of pressures now gives 

op CP, F,_ 1x3? 
TX(b) 2x3 By rx 

2. The diameters of the pistons of a Hydraulic Press are 4 in, and 40 in, 
respectively. The shorter arm of the lever working the smaller piston is 8 in, 
and the longer arm is 4 ft. in length. Find the total force produced on the 
larger piston when a force of 75 lbs. is applied at the end of the longer arm of 
the lever. 

Ans, Lot the effective force at the smaller piston- p Ibs, 

Then from principles of lever, p=75x4x12+8, so that 7450 Ib. 

Now the areas of the cross-sections of the smaller and the larger pistons= 
dor sq. in. and 4007 sq. in, respectively, 

Let the total force produced on the larger piston be=P Ibs. 

Consideration of equality of pressures we get the equation 


P 450 » 
AP ESQ whence P=45000. Thus the required force is 45000 lbs, 
115. Conditions of Equilibrium of a Liquid—When a quantity 
of liquii is at rest, the following conditions hold good.— 


(i) An elementary volume of liquid considered within the liquid 
is acted on by a vertical upward thrust which is equal to the weight of 
that elementary volume. 


The explanation is obvious, since an elementary volume of the 
liquid has some weight and this weight always acts downwards. As 
because this clement is at rest, there must be an upward thrust which 
balances the weight. Were it not so, this element would have tended 
io move in the direction of the greater force and the equilibrium 
would have been lost. This is contrary to the hypothesis, 


(ii) The free surface of a liquid at rest in horizontal. 
Suppose, if possible, that the liquid surface AO it not horizontal, 
as shown in Fig. 160. Take two 
points B and D in the same horizon- 
tal line within the liquid. Let the 
vertical depths of these two points 
below the free surface of the liquid 
be h’ and h. At D the pressure= 
z+tgph, and at B the pressure=n+ 
gPh', where x is the atmospheric 
pressure. If h’ is greater than h, the 
pressure at B would be greater than 
Fig. 160 that at D. Now we know that liquid 
flows from a higher pressure to & 
lower Pressure, By reason of our supposition therefore, an element 
of lquid would move away from B to D and equilibrium would be 


786. Thus the force is multiplied 36 times. 


z » whence 
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lost. This flow would persist in the direction BD so long as the 
pressures at B and D are not equalised. So for a stable condition, 
the pressures at B and D must have to be equal, i.e., the depths of 
the two points from the free surface must be equal. As B and D 
are on a horizontal plane, points A and O must then have to be on 
another horizontal plane, at an upper level.* Since A and O are any 
two points on the surface, it proves that a liquid surface at rest 
remains horizontal. 

Equilibrium of a liquid in Communicating Vessels—When & 
liquid is poured into a number of vessels interconnected with one 
another, as in Fig. 161, then at rest the liquid stands to the same 
height in all the vessels, so that the free surface of the liquid in all 
tha vessels are on the same horizontal plane. Irrespective of the shape 
and size of the vessels this condition holds good. 

If a horizontal plane be drawn within the liquid, cutting all the 
vessels, the pressure at the points on this plane must be the same, 
As the pressure at any point depends on the depth of the point from 
the upper surface of the 
liquid, it shows that the 
pressure on the same 
horizontal plane must 
be the same. So the 
Free surface of the liquid 
in different vessels are 
on the same horizontal 
plane. The fact is usu- 
ally expressed by saying 
that a liquid finds its Fig. 161 
own level. 

Equilibrium of Unmiscib!'e Liquids in the Same Vessel—If 
several liquids of different densities, which do not mix with one 
another, be at rest in the same vessel, they would arrange themselves 
in the order of their densities, the heaviest liquid occupying the lowest 
position. Further, the free surface as also the surface of separation 
in each case are found to be horizontal. If small quantities of 
mercury, water (coloured, if necessary) and paraffin oil be poured into 
a narrow bottle or a test tube, the mercury occupies the lowest posi- 
tion, and the oil the topmost. It the liquids be well shaken, they 
appear to mix; but on standing they separate and arrange them- 
selves as before. Wes 

Equilibrium of two different Liquids in a U-tube—If two liquids 
of different densities, which do not mix with each other, be poured 
into the two limbs of a U-tube or any other kind of communicating 
vessel, then for equilibrium the free surfaces of the two liquids do 
not generally stand at the same height. ABC is a glass U-tube (Fig. 
162). Pour mercury into the limb BO. In both the limbs mercury is 


«This can be verified mathematically as shown below. Since the pressures at 


B and D are equal, we must have; 
EV ago so that h'=h. Elementary geometry now asserts that AQ 


must be parallel to BD, Since BD is horizontal, so also is AO. 
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found to attain the same level, Next pour into the limb AB a quan- 
tity of a liquid, which does nob mix with mercury. Let the common 
surface of contact of the liquids stand at D, 
while the free surfaces of the liquid and mer- 
cury stand at A and O respectively. Let the 
horizontal plane through D meet the other 
limb at E. 


Now the pressure at D is=x+ poh, and 
the pressure at His=x+gp,hi, where x is the 
atmospheric pressure, ha — AD, hy=OH and ps 
and pı are the densities of the liquid and 
mercury respectively. 


Inasmuch as the pressures at E and D 
are equal we derive m2+gpihi=x+gpeha; 
whence pihy=Polia. 


hi Ps 
Fig. 163 ong Mm 

This shows that for equilibrium, the heights of iwo liquid columns 
above the common surface of contact are inversely proportional to 
their densities. Taking the liquids to be water (density=1 gm./o.c.) 
and mercury (density=13°6 gm./c.c.), the height of the water 
column above the common surface is 13°6 times that of the mercury 
column, when measured from the same level. 

116. Some Applications of Equilibrium of Liquids—The 
following can be explained from considerations of the equilibrium of 
illustrations liquids. 

Spirit Level—This instrument is used to test the level, je, to 
examine whether the plane surface, on which it is placed, is horizon- 
tal or not. It consists of a glass tube slightly curved and closed at 
both ends. The tube is nearly filled. with spirit so as to leave room 
for & small bubble of air. Such bubble naturally occupies the highest 
part of the tube [Fig. 163(a)]. . The tube is mounted in a metal case 


a+ (116,1) 
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(a) Fig. 163—Spirit Level (b) 


with its convex side uppermost, the base of the case being made very 
accurately plane. When the instrument is placed on a perfectly 
horizontal surface, the air bubble occupies exactly the middle 
Position between the two marks on the convex side, Tf the surface 


is not horizontal, the bubble moves to a different position. Figure 
163(b) shows a spirit level of the circular type. 


Water-supply in Towns—Water duly filtered is pumped upinto 
a suitable reservoir placed at a high level. Main pipes run from the 
reservoir while smaller service pipes branch off from the main to 
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different houses, Water runs down from the reservoir and in finding: 
its own level, it is likely to be available in all places at lower levels 
than that of the reservoir. The ‘head’ of water; which means the 
vertical height of the water surface in the reservoir, thus furnishes the 
necessary pressure for the water-supply. But owing to friction of 
water against the sides of the pipes and the viscous resistance between 
different layers, the water falls short of the expected height. 

It is to be mentioned here that for supply of water in Calcutta, water is fil- 
tered at Palta, 20 miles north of Oaleutta and is stored in Tala tank at a height 
of about 100 ft. above the level of the city. But even with this arrangement the 
required pressure is not available at all places. 


EXERCISES ON CHAPTER VIII 
Reference 
1, Describe an experimental arrangement to show that water Art. 118: 
exerts pressure in all directions. (0. U.—1959) 
2. Obtain an expression for the total liquid thrust in absolute Artis. 
units on the plane horizontal bottom of a vessel containing a liquid 109 & 111 
and desoribe briefly an experiment to show that this thrust does not 


depend on the shape of the vessel. (P. U.—1962 ; O. U.—1960) 
8, Distinguish between Thrust and Pressure. Give the units in Arts. 
which they are expressed. (Cf. Utk. U.—1964 ; Del. H. B.—1962) 109 & 110 


4. Define pressure at a point within a liquid at rest and obtain Art, 109: 

an expression for it. 
(O. U.—1959 , Mad. U,—1960 ; Anna. U.—1961 ; Gau. U.—~1955) 

B. The density of sea water is 1'025. Find the pressure at a depth Art, 109% 
of 10 feet below the surface (in pounds per square foot), given that one 
cubic foot of water weighs 62°5 lbs. 

Ans. 640624 lbs. per sq. ft. 

6. If we have a vertical pipe half inch in diameter and 100 ft. Art. 109: 
high, filled with water, what will be the hydrostatio pressure at ihe 
Jowest end? What is the hydrostatic pressure at a point 100 ft. 
below the surface of water in a lake? In both cases, assume that the 
density of the water is 64 Ibs. per cu. ft. and express the pressura in 
Ibs. per square inch. (P. U.—1959) 

Ans, 444 lbs. por sq, in, in both cases. 

7. A hole, 6 inches square, is made in a lock-gate at a depth of Art, 10% 
90 ft. below the surface of water. If the density of the water con- 
tained be 1'02, find the force that must be exerted on a plato to pre- 
vent the water from going ont by holding the plate against the hole, 
given that 1 cu. it. of pure water weighs 695 lbs. 


Ans. 899575 Ibs.-wt. 

8. A vertical tube 3 ft. long and having an internal diameter of Art. 109- 
1 inch is fillod with equal volumes of water and mercury. Assuming 
that weight of mercury is 18'56 times the weight of water, caloulate 
the pressure in lbs, pər sq. in. at the bottom of the tuba due to the 
head of the liquid. Also, what is the weight of water in tho tube ? 

Ans, 9°45 lbs.[sq. in, ; O'Dl lb. 

9. A lock-gate is 95 ft. wide and the heights of water above the Art. 110 
bottom of the gate on the two sides are 26 ft. and 13 ft. respectively. 
Find the resultant pressure and the height, measured from the bottom 
of the gate at which it acts, the mass of water per ou. ft. being 
64 lbs. 

Ans. 2535 tons; 10°11 ft. 

10. Explain why the thrusts on the bases of Pascal's vases are — Art, 111 
not equal to the weight of the contained liquid. (Utkal U.—1951, '64) 
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‘Reference 
Art. 112 11. A hollow right ciroular cone of base diameter 20 om, and 
height 15 om. is completely filled with a liquid of density 1'2 gm,/c.c, 
Find the mass of the liquid and the thrust at the base of the cone. 
Ans. Mase=1884 gm. ; thrust=5652 gm.-wt. 
Art, 113 ; 12. State Pascal’s Law as to the transmission of pressure In a 
2 liquid. 
Art, 115 Describe the principle and action of a Hydraulic press giving a 
sectional diagram. (Utk. U.—1964 ; Del, U.—1960, '61; 


Del H. B.—1959; Pat. U.—1955, 62; P. U.—1955; Dao. U.—1954; 
O. U.—1957 ; V. U.—1955) : 


Art. 115 18. Draw a diagram showing the oonstruction of Hydraulic 
Press. A force of 50 kgm. is applied to the smaller piston of such a 
machine. Neglecting friction, find the force exerted on the larger 
piston, the diameters of the pistons being 2 cm. and 10 cm. 
respectively. (P. U.—1955) 


Ans. 1950 kgm.-wt. 


CHAPTER IX 
ARCHIMEDES PRINCIPLE 


| 117. Resultant Thrust on a Body immersed in a Liquid—When 
:& body is immersed in a liquid, every point of its surface in contact 
with the liquid is subjected to a hydrostatic pressure. The pressure 
at any point is normal to the element of surface at that point and is 
proportional to the depth of the point below the free surface of the 
Aiquid. These pressures combine into a resultant thrust, which tends 
to move the body upwards. 

Imagine a rectangular block ABCD of asolid to remain immersed 
ina vertical position in a liquid (Fig. 164), The 
total liquid thrust on the block consists of (i) 
thrust on the vertical sides AD and BO and (ii) 
thrust on the horizontal surfaces AB and CD. 
The pressure at any pointona side is horizontal 
and is exactly counter-balanced by an equal 
and opposite pressure at the point on the 
opposite side in the same horizontal line, The 
horizontal forces due to pressures at all points 
on the vertical sides are thus mutually neutra- 
lised. Only the vertical thrusts on the faces AB 
and OD are then to be considered. Let the depths of faces AB and 
OD from the free surface of the liquid be /, and À' respectively, and 
"ho cross-sectional area of the face AB or CD he «. 

Let the height of the block be a so that h'=h+a, and the density 
"of the liquid be p. 

the thrust on AB=gpxh acting vertically downwards 
and the thrust on OD=gpxh’ acting vertically upwards. 


Since h’<h, the upward thrust is greater than the downward 
thrust. 


Fig. 164 
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.. the resultant thrust on the block-gp«(h!—h)-gP«a acting. 
vertically wpwards- weight of the volume ABCD of the liquid 
displaced by the block. 

Thus the resultant thrust on a body immersed in a liquid is equal 
to the weight of the volume of the liquid displaced by the body amd 
it acts vertically upwards through the centre of gravity of this portion. 
of the liquid, 

If the solid is not completely immersed in tho liquid, the upward 
thrust acts on the immersed portion of the solid. In this case the 
resultant thrust is equal to the weight of the liquid displaced by the 
immersed portion. of the solid. The resultant upward thrust on a solid, 
immersed wholly or partly in a liquid, is called the buoyancy of the 
liquid. Its magnitude is, therefore, equal to the weight of the amount 
of the liquid displaced. The buoyancy acts vertically through the 
centre of gravity i 
of the displaced 
liquid, and this 
point is accor- 
dingly called the 
centre of buoy- 
ancy or the 
centre of  floata- 
tion. Evidently, 
the buoyancy 
does not ordina- 
ri depend on 
the depth to 
which the body 
is immersed pro- 
vided that the 


density of the "n Paaa an adaa saanman 
fluid does not LUI MEI IIT IA 
change with 

depth. Nor does Fig. 165—Hydrostatic Balance 


it depend on the shape, mass or material of the body itself if the 
volume of the body does not alter with depth. It simply depends on 
the immersed volume of the solid and the density of the liquid displaced. 


Apparent Weight—As the weight of a body acts vertically down- 
wards, the weight of anybody immersed in a liquid must appear less 
than its true weight. If the true weight of the body be W and the 
buoyancy by W’, the apparent weight of the immersed body is equal 
to (W-W’). A body, therefore, appears lighter when immersed in m 
liquid. Thus it is easier to carry a heavy body inside water than 
when it is outside. 

118. Principle of Archimedes—Long long ago a Philosopher of 
Syracuse in Sicily by the name of Archimedes (287-212 B.C.), while 
taking his bath in a tub, felt that his weight appeared less in water. 
A meditation on this ordinary observation led to the discovery of 
the Principle stated in the following lines :— When a body is immersed: 
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either wholly or partially im a fluid at rest, it appears to lose a part 
of the weight which is equal to the weight of the fluid displaced. 

Experimental Verification of the Principle—To verify the 
principle stated above, take a hydrostatic balance. A hydrostatic 
‘balance is simply an ordinary balance with arrangements for getting 
conveniently the weight of a body in air and also when immersed in 
:a liquid. In tome special forms, one of the pans is suspended by a 
shorter frame and has a hook attached below, from which the body 
to be weighed can be suspended by a string. In the ordinary form 
‘an wooden bridge T (Fig. 165) is placed on the floor of the balance 
‘across one of the pans, so that a beaker containing the liquid may be 
placed on the bridge. (For experimental details vide J. Ohatterjee’s 
Intermediate Practical Physics) 

Another simpler method of verifying the principle is as follows, 
Take a solid cylinder, which just fits into the hollow cylinder B, 
so that the volume of A (Fig. 166) is exactly equal to the internal 
volume of B. Suspend the cylinder B from a hook attached to one 
"arm of the balance and suspend A from a hook fixed to the bottom 
of B. Oounterpoise the whole by placing weight on the other scalo 
pan, Now place an empty glass beaker D on the bridge C, so that A 
hangs within the beaker. Pour any liquid 
(say, water) into the beaker, till A hangs 
completely immersed in water, Ensure that 
it does not touch any side of the beaker. 
The equilibrium is found to be lost and the 
other pan goes down, showing as if A has 
lost some weight. Now pour water into B 
till it is completely filled. The equilibrium 
now is found to be restored, when the beam 
becomes horizontal again. 


Hence it is found that due to the upward 
thrust of water the apparent loss in the 
weight of A is exactly equal to the weight 
of water completely filling B. Ag the 
volume of B is exactly equal to the volume 
of A, the apparent loss in the weight 
7 of A is equal to the weight of water displaced 

Fig. 166 by it. The experiment may be repeated 
with any other liquid and spring balance may be used instead of an 
ordinary balance, 

Apparent Loss—It is to be noted that the loss observed in the 
weight of an immersed solid is only apparent. Thus, if the beaker 
containing the liquid is placed on the scale pan, there would be no 
change irrespective of the cylinder A being inside the liquid or out- 
side, When the cylinder is immersed in the liquid, it experiences an 
upward thrust which tends to raise the arm of the balance; but at 
the same time the cylinder exerts as reaction a downward force on 
water in the beaker. As by Newton's Third Law of Motion the 
reaction is exactly equal and opposite to the upward thrust, the 
‘balance remains always in the same condition. $ 1 
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Now if finger be dipped into the water in the beaker, the pan 
carrying the beaker at once goes down. Here the upward thrust on 
the finger is taken by the hand ; but the reaction acts on the water 
and hence on the beaker, causing the pan to go down. Similar effect 
is observed by suspending a solid into a liquid from a support placed 
outside, 

119. Some Practical Applications of the Principle—The principle 
is utilised in the following cases : 

(1) Determination of Volume of Solid—The volume of a solid, 
heavier than and insoluble in water, can be easily determined in the 
following way. Weigh the body in air; let it be W gm. Then weigh 
the body, when suspended in water with a hydrostatic balance; let it 
be W' gm. Let the density of the water be p gm. per c.c. Then 
the mass of water displaced by the solid is clearly (W — W’) gm. 
-W 


Hence, the volume of the displaced water= N. cc. ... (119,1) 


which is equal to the volume of the body. In the O.G.B. system 
p may be taken to be 1 gm./c.c. Thus the volume of the solid 
becomes (W — W*) o.c. 

If weights are given in pounds, the density of water is usually 62°5 

9 

62'5 
Tae vo!ume of a solid of irregular shape is usually determined by 
the above way. For example, suppose that the mass of a piece of 
stone is 52'19 lbs. in air and that is apparent mass in water is 
81°54 lbs. Then its volume come out to be 1(52:19— 81'04)--692'5] 
eu. ft, =0°33 cu. ft. 

(2) Determination of Density of a Solid—As density is defined 
to be the mass per unit volume, the density p' of the solid is given by 
1 mass _ W-W'_ We 

P = volume Pc p W-W" 
If expressed in O. G. S. units, the density p' of the solid 


Ibs. per cu. ft. and so the volume of the body equals to cu. ft. 


ww gms. per c.c, taking p 1. 

If expressed in F. P. B. units, the density p' of the solid 

Ww 
= j 7 . ft. aval. 
W- bs 62'5 lbs. per cu. ft. (119,9) 

For a specimen of stone whose mass in air is 52°12 lbs. and mass 
in water is 3154 lbs. its density in the F. P. S. units from the data 
supplied comes out to be 2°53 x 62/5 lbs. per cu, ft, and in the C. G. S. 
system it is simply 2'53 gms./c.c. 

Examples : 


A crown made of gold and containing silver as impurity weighs 200 gm. 
When it is dipped in water, it weighs 185 gm. Find out how many grammes 
of gold and silver are respectively present in the crown. Given density of gold 
=19'8 gm./o.c. and that of silver=10°3 gm./c.c. [Vis. U.—1954] 


Ans, Let the quantity of silver in the crown be z gm. Then the quantity 
of gold present is (200-2) gm. The volame of gold is its mass divided by 
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density and is therefore (200—2)/19'8 cc. Similarly the volume of silver is 
m[10'8 o.c. 
_ (200-2 c 
Thus the volume of the crown - (300-2 +335) e.e. 


When dipped in water, the crown wouid displace its own volume of water 
and the volume of displaced water would have a mass by Archimedes principle, 
equal to the difference of the masses of the crown in air and in water. The 


difference of masses is (200—185) gm.=15 gm. Since 1 c.c. of water weighs 
1 gm. we have Meg ggg whence the quantity of silver =102'43 gm, 
Bo the quantity of gold=(200—102'43) gm.=97°57 gm. 


' 120. Equilibrium of Immersed and Floating Bodies— When a 
body is immersed in & liquid, it is simultaneously subjected to the 
forces—(i) the weight W of the body acting downwards and (ii) the 
buoyancy W' of the displaced liquid acting vertically upwards 
through the C. G. of the displaced liquid. The equilibrium of the 
body depends upon the relative magnitudes of the two forces. 
Consequently three cases may arise, according as the weight W is 
greater than, equal to, or less than, the buoyancy W’. 

(1) It W>W’, £e, if the weight of the body is greater than the 
vertical upward thrust, the body simks. The weight of the body is 
in this case greater than the weight of an equal volume of the 
liquid. This means that the body is heavier than the liquid. This 
js the case with a piece of stone or iron sinking in water. 

(2) If W-W' ie, if the weight of the body is equal to the 
yertical upward thrust, the body floats completely immersed and may 
remain in equilibrium at apy position within the liquid. Evidently, 
the density of the body in such a case equals that of the liquid. 
For instance, a drop of olive oil may stand anywhere within a 
mixture of equal quantities of water and alcohol. 

(8 If W<W’, i.e, if the weight of the body is less than the 
vertical upward thrust, the body floats parily immersed in the liquid. 
Here the body is lighter than the liquid. Such is the case with a 
piece of cork or wood floating on water, or with iron floating on 
mercury. In a case such as this, the weight of the body is clearly 
less than that of an equal volume of the liquid. 

The last case gives the condition under which a body may float on 
a liquid. So the conditions of equilibrium of a floating body are— 

(i) The floating body must displace & volume of the liquid, whose 
weight is equal to the weight of the body itself. 

(ii) The C. G. of the body and the C. G. of the displaced liquid 
must lio on the same vertical line called the central line of the body 
and, in general, the former is above the latter. The centre of gravity 
of the displaced liquid is called the centre of buoyancy. In the case 
of a body floating just completely immersed, the O, G. of the body 
should be vertically below the centre of buoyancy. 


Metacentre—Consider a body floating in equilibrium (say a ship 
floating on an even keel). As already stated, the C. G. of the ship 
and the centre of buoyancy lie on the same vertical line, the former 
being above the latter, If the body is now displaced (e.g, when the 
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ship heels over), her C. G. and the centre of buoyancy are both displaced 
in the direction in which the body leans. The point, where the yertical 
line through the new position of the centre of buoyancy intersects 
the central line of the body, is called the metacentre of the body, 

The equilibrium of a floating body is stable or unstable, according 
as the metacentre is above or below the O. G. of the body. When 
the two coincide (as in the case of a floating spherical body), the 
equilibrium is neutral. By putting ballast in the ship, her C. G. is 
kept below the metacentre so as to haye an increased stability, 

The freshness of an egg is sometimes tested by dippirg it in 
ordinary water and then in a strong solution of brine. If it ficats 
on brine but sinks in water, the egg has density intermediate 
between the bwo liquids and it is fresh. If it is rotten or other- 
wise, it floats on water. A fully loaded boat on sea is to be partly 
unloaded for safety before entering a river of fresh water. 

121. Application ard Illustrations of the Principle of 
Floatation—The following cases furnish some illustrations of the 
principle of fioatation. 

Floating of Iee on Water—Water on freezing into ice increases 
in volume, such that 11 volumes of water at 0'O become 12 volumes 
of ice at the same temperature. Hence, the density of ice is less 
than that of water and so ice floats on water. 

From the principle of floatation, therefore, it follows that, 

volume of ice under water _11 
total volume of ice 1x 


Hence a mass of ice will float on water with {3th of its volume 
under water snd ouly yth volume exposed. The density of sea 
water is about 1°08 and so an iceberg floats on sea water with only 
one-ninth of its volume exposed. Again, glacier ice is somewhat 
porous and so it is lighter. An iceberg from a glacier floats on sea 
water with about one-seventh of its volume exposed. 

Floating of a Ship—A solid heavier then a liquid may be given 
a suitable shape as to float on a liquid. The shape of the body 
would have to be such that the weight of the liquid displaced by 
the immersed portion of the body is equal to that of the body, 
Thus a porcelain saucer or an iron cauldron floats on water partly 
immersed, for owing to its concave shape it displaces sufficient 
water to make it float. 

The body of a ship is constructed with iron plates; but owing 
to its concaye shape the interior is hollow. Even when partly 
immersed, it can therefore displace a volume of water whose 
weight is equal to the weight of the ship with her contents. Hence 
the ship floats. If the ship is loaded more, she is depressed further 
in water to make the upward thrust due to the newly displaced 
volume of water equal to the additional load. 

To carrying capacity of a ship is represented by her tonnage. A chip, whose 
tonnage is 50,000 tons, can carry this mass of load. It is to be noted that for 
the sake of safety there should be a suitable mergin in the loading of a ship and 
sufficient free board must be left above water line. It has now been legalised 
that every ship should bear a mark called the Plimsol Lire which indicates the 
limit to permissible immersion, 
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Bodies heavier than water can also be made to float by attaching 
lighter bodies of suitable size, This explains the working of life-betls, 
life-buoys, etc. A life-belt consists of a hollow air-tight tube floating on 
water. When a person tries to swim with its help, it sinks a little 
further to counter-balance the weight necessary for the man to float. 


Swimming— The human body is lighter than water; but the head 
is heavier. So the dead body of a human being floats with head 
leaning downwards. In swimming, therefore, we are to keep the head 
up by movements of the limbs, which produce sufficient reaction up- 
wards to keep the body afloat. For a beginner his body may be 
attached to a life-belt. It is easier to float on water after taking a 
deep breath, since being inflated by air, the lungs like a life-belt help 
the man to float. As sea water is heavier than river water, the 
immersed portion of the body would experience greater upward thrust 
in gea water and so it is easier to swim in sea water than in river 
water” In the case of quadrupcds, the front part is lighter than the 
hind parts and so they swim naturally with head on water. Birds, 
such as duck, swim easily owing to the thick layer of impervious 
downs on the lower parts of their bodies. 


122. Cartesian Diver— The different kinds of equilibrium of s 
body floating on a liquid as well as the principle of transmission of 
fluid pressure can be strikingly demonstrated by a well-known hy drostatic 
toy known as the Cartesian Diver. It is so called after its inventor 
Rene Descartes (1596-1650), who devised it to illustrate the principle 
of Archimedes. The diver consistsof a small hollow porcelain doll 
with a small tubular tail in communication with the inside and 
open at the end (Fig. 167). It is placed in water within a glass jar, 
the top of the jar being closed air-tight by a sheet of rubber. The 
doll is hollow within and is filled partly with air and partly with 
water. Its mass is so adjusted that it floats with a very small part 
exposed. In some cases the doll is solid and is attached to a hollow 
ball with a small aperture at the bottom 
(shown separately in the dingram ), so 
that the two together float in equilibrium. 


Now if the rubber sheet is pressed, 
the diver sinks down. But on releasing 
the pressure the diver rises again to the 
surface. By regulating the pressure the 
toy may be made to remain stationary 
at any level, 

Explanation—When the rubber sheet 
is pressed, the air enclosed within the jar 
aboye water is compressed, This pressure 
is transmitted through water to the 
air inside the diver. The air is thus 
compressed to a smaller volume, due to 
which an additional quantity of water 
enters into the body of the toy through 
the opening in the tail and makes it Fig. 167—Cartesian Diver 
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heavier than the water displaced. Hence the toy begins to sink, 
When the pressure on the rubber sheet is released, the air inside the 
toy expands again and drives out the additional water. The toy thus 
become lighter than the displaced water and floats in consequence, 


It should be noted that as the diver goes doWn more and more, 
water is forced into the inside owirg to increased liquid pressure. 
If the toy could be forced to such depth that owirg to the large 
liquid pressure at that region the inside air is reduced to avery small 
volume, the toy would not rise up even when the pressure on the 
rubber sheet is removed. Most fishes have an air-bladder below the 
spine and by dilating or compressing it, they can rise up or diye in 
water at pleasure, 


Submarine—The modern submarine works on the principle of a 
Cartesian Diver and may, therefore, be regarded as ship with variable 
and controlled mass. It is provided with ¢everal large ballast tanks 
T (Fig. 168) in the bow, middle ard stern of the ship. These are 
fitted with valve or trap doors. Through these openings water can 
be admitted into the tanks. When the submarine requires to be sunk 
below the liquid surface, the requisite amount of water is drawn into 
the tanks, so that the ship becomes slightly heavier than the displaced 
water and she goes down. On the other hand, for rising to the 
surface, the water is forced out of the tanks by powerful pumps 
worked by compressed air, whereupon the ship becomes lighter than 
the displaced water and she rises to the surface. 


Fig. 168—Principle of a Submarine 


The operation of filling or emptying the tanks may he done 
swiftly. Beside the vertical steering rudder there is a horizcntal 
rudder and by suitab!y tilting thege, the sbip may be kept at any 
desired depth, The periscope is fitted to the conning tower O and 
remains above the surface of water for getting view of objects on” ox 
aboye the surface of water, 


Examples : 


1, A hollow spherical ball, whose internal and external diameters are| 
8 ems. and 10 omr., is found just to float in a liquid of epecific gravity 1'5." 
What is the spocific gravi!y of the material of the ball? (0. U,—1959) 

Ans, When tho ball just floats, it displaces its own volume of Nquid. The 
external radius is 5 c.m, Henoe, the volume of the balle (is x5*)c.c.- 5990 c.o.* 
which for equilibrium equals the volume of liquid displaced. 

Tho mass of this liquid «6936 x 1'5 gm.= mass of tho ball. 

If s be the specific gravity of the material of the ball, the mass of the ball 
= (sp. gr.) X(vol. of the material of the ball). 

Now the volume of the material of the balleiz(5*—4*) c.c. Hence, we get 
$rs(5* — 4) ir x b* x15, 
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b'xr5 
53- ro vi 

9. Two bodies are in equilibriam when suspended in water from the arms 
of a balance. The mass of one body is 28 gm, and its density is 5'6. If the 
mass of the other is 86 gm., what is the density ? (Pat, U.—1956) 

Ans. Let the required density bs p gm. per c.c. 

Now the apparent weight of the first body = (28— (28.--5'6)) gm.=23 gm. 

and the apparent weight of the second body— (36 —36/p) gm. 

Since the apparent weights of the bodies are equal, we must have 


25-73-29, whence p=2'77. Thus the required density is 2'77 gms./o.0. 


or, s= 308. This determines the required specifio gravity. 


8. Show that a hollow sphere of a metal of radius R and of specific gravity 8 
will float on water, if the thickness of ita wall is less than R/88. (Nag. U.—1952) 


Ans, let.the thickness of the wall for which the hollow sphere can just float 
be œ. Hividently, if the thickness ba less than v, the mass of the sphere would 
be less,and it would float with a portion of it above water, 

Now the volume of the material part of the sphere=(volume of the outer 
aphere)— (volume of the hollow part of the sphere), 

| ef eR? -§r(R—2)! $89 -(R 72). 

Farther, ita masse 4» [3*— (R - 2)*]3. 

For the sphere just to float, the mass of water displaced is fre. 

Hence the eqnilibrium we have, $7[R* -(R—-2)']8- 1rR', 

Hes -$y] E -FF fod 
or, Rfi (1-$ S=R*, or, 1 R = 


or, Rot. -i)t- 1-2 very approximately, by Binominal Theorem. 


88 
aR 
or, v 38' 
For the sphere just to float, the thickness of the wall is, therefore, = z 


38 
It the thickness be loss than m 

4. A body of density 3 is dropped gently on the surface of a liquid of 
density ô’ (ə being less than 3) Show that it will reach the bottom of the 


, the given sphere floats at ease, 


liquid after a time => rj where g is the acceleration due to gravity and 
g6- 


d is the depth of the liquid, (Pat. U.—1951) 
Ans, It the mass of the body be m, its volume m[5. 


^", The upward thrust due to the displaced liquid =" x eg. 
Bo the resu'tant downward force on the body within the liquide mg - 7x a'g 
P 
m (1-2)« 
Hence the acceleration f of the body, while going down (1- 2g. 


Since from the surface of the liquid the body starts f 
peices pi dis given by q ody starts from rest, the time é to 


d=4/t?, or, d^ 3g (1-2) Ü, whence (2 A/ _245__ 
g(5- 2 
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To work out this sum, we have assumed that while the body is being 
accelerated down in water, it experiences no retarding force due to viscous 
friction, Such assumption is not, however, correct. . 


EXERCISES ON CHAPTER IX 


Reference 


1, State Archimedes principle and show how it can be verified Art. 117 
experimentally. (Nag. U.—1961; Cf. Raj. U.—1958 ; Utkal 
U.—1959 ; Gau. U.—1962 ; O. U.—1958) 

9. Bhow how Archimedes principle can be spplied to find the Art, 119 
volume of a solid, (0. U.-- 1959) 

8. The crown of Hiero weighed 20 lbs, Archimedes found that Art, 119 
it lost 135 lbs. when immersed in water. The crown was made cf 
gold and silver. Find the weight of the metals, (Sp, gr. of gold 
—19'8 ; sp. gr. of silver 101) (Dac. U.— 1951) 

Ans. The wt. of gold 15'078 lbs, ; that of silver 4 922 lbs. 

4. Btate and explaia the conditions of equilibrium of a floating Art, 120 
body. (Gau. U,—1952 ; Del. H. 8.—1961; 0. U.— 1957 ; 
P. U.—1957, U. P. B.—1961; Raj. U.—1955 ; Nag. U.—1964) 


b. A piece of iron weighing 272 gm. floats on mercury of Art. 120 
density 136 with {th of the volume immersed. Determine the 
volume and density of iron. (Dac. U.—1957 ; O. U.—1950) 

Ans. 82 c.0.; 8'5 gm. per c.c. 

6. A piece of paraffin wax of density 0°9 gm.]c.c. floats on water. Art, 120 
A layer of turpentine of density 087 gm./c.o. is added on the top 
of water until the wax is entirely submerged. Find the ratio of 
the volume of wax immersed in water to that in turpentine, 

(Nag. U.—1954) 
Ans. 8:10. 
7. 52 gm. of an alloy of two metals of specific gravities 8 and Art, 120 


12 respeotively la found to weigh 46 gm. in water, Find the masses 
of the metals in the alloy. (Utkal U.—1961) 
Ans, 40 gm,; 12 gm. 
8. A hollow sphere made of glass ball just only sinks in Art, 191 
mothylated spirit of specific gravity 0'8, It floats on sulphuric 
acid (specific gravity=1'8), Explain why this is so and calculate 


the portion of the volume of the sphere immersed in the acid. 
(0. U.—1958) 


Ans. 0°44 of volume (nearly). 
9, Two pleces of metals are suspended from the arms of a Art. 121 
balance and are found to be in equilibrium when kept immersed 


In water, The mass of one pleco is 32 gm. and its density is 
8 gm./co, The density of the other is 5 gm./co. What is its 


mass ? (0. U.—1959) 
Ans. 85 gm. 
10. A raft is constructed of four empty barrels lashed together, Art. 121 


and planks weighing 40 Ibs. are placed on them. If the barrela be 
regarded as approximately cylindrical and if the height, radius 
and mass of each be respectively 4 ft., 1'5 ft. and 50 lbs, find the 
load that the raft oan carry, (1. cu. ft. Of water weighs 62°5 Ibs.) 


Ans. 6865 lbs, (nearly). 


11, A wooden sphere of radius 1'0 cm. sinks in water, On Art, 191 
coating it with a layer of 8 mm. of wax of uniform thickness 
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Reference 
and of density 0'8 gm, per o.c., it just floats. What is the density 
of wood ? 
Ans. 1°24 gm,/o.o, 


Art, 121 12. A block of ice (sp. gr.=0'91) floats in a vessel of water 
filled up to the brim, What fraction of the volume of the block 
will be above the surface of water? Desoribe and explain the 
changes taking place when ice melts. (U. P. B.—1941) 


Ans. '09 of the volume. 


Art. 122 18. A pontoon with perpendicular sides has a rectangular bage 
80 yds. by 10 yds, and is loaded so that the base is submerged to 
a depth of 5 ft., 4 ft. of the pontoon remaining above water. It 
commences to leak, taking in 10 gallons of salt water per minute. 
How long will it be before it sinks? (A gallon of salt water 
weighs 10'8 lbs.) 


Ans, 112°5 hours. 


Art, 121 14. Desoribe the Cartesian Diver and explain how it aots. 
Do you know of any modern appliance which is based on this 
principle ? 


Art, 132 15. A solid body floating on water has one-sixth of its volume 
above the surface. What fraction of its volume will project, if it 
floats in a liquid of specific gravity 1'2? 


Ans. 44. 


CHAPTER X 
SPECIFIC GRAVITY 


123. Specific Gravity —It equal volumes of different substances 
are weighed, they are found to have different masses. Thus, if two 
cubes of the same size, one of marble and the other of iron, be taken, 
the mass of the latter is found to be about three and a half times 
greater than that of the former. The specific gravity of a substance 
indicates how much a given volume of the substance is relatively 
iheavier than an equal volume of a standard substance. 


The specific gravity of a substance is the ratio of the weight of 
any volums of tie substanca to the weight of an equal volume of some 
standard substance. In measuring the specific gravities of solids and 
liquids, the standard substance is taken to be water at 4^0, whereas 
in case of gases it is hydrogen at N.T.P. (i.e. normal temperature 
and pressure). 


-. the Specific Gravity (sp. gr.) of & substance 


= Weight of any vol ime of the substance 
weight of equal volume of water at 4°C 
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Since the mass of a body at a given locality is proportional to 
its weight, the specific gravity of the body is then 
mass of a volume of the substance 
mass of an equal volume of water at 4°C 
= mass of unit volume of the substance 
mass of unit volume of water at 4°C 
density of the substance. 
density of water at 4°C 


Hence the specific gravity of a substance is often called ity 
relative density. The specifies gravity is a pure ratio; and so it 
has no dimension. 

Density and Specific Gravity—As already stated, the density of 
a substance is defiaed as its miss per unib volume and so it has 
some unl}, whereas the specific gravity, being a ratio, is a pure number. 

It S be the specific gravity of a substance, pits density and p 
the density of water at 4*O, then from the above relation p'- 8p. 
In the C.G.8. system of unit p=1 gm. per c.o. ; so the density p' of 
the body=8. Hence the specific gravity of a substance in C.G.S. 
unit is numerically equal to its density. In E.P.B. unit, the density P 
of water =62'43 lb. per cu. ft: ab 4°C, and so the density p of the 
body =(62°43 XS) lb. per. ou. ft. Or, in other words, the density of 
a substance in the F.P.S, unit is numerically equal to 62°43 x its 
spocific gravity. 

For example, in O.G.S. uni; the deasity of mercury =13'6 gms. 
per o.c. and so the specific gravity of mercury =13°6+1=13'6, 

Again, in the F.P.S, unit, the density of mercury —19'6 x 62'43 Ib. 

13'6 x 6243 . 
per ou. ft., so that the sp. gr. of mereury =— agag S 6. 

Thus tho statement that the specific gravity of mercury is 13°6 
merely means that a certain volume of mercury is 13°6 times heavier 
than an equal volume of water at 4°O, whatever be the unit of 
m2asurement of the volume. 

Temperature Correction—In determining the specific gravity of 
a solid or a liquid, water at 4'O should be taken as the standard 
substance for comparison. But water, usually available in the 
laboratory, has a temperature higher than 4°C. As the mass of unit 
volume of water at any other temperature is different from that at 
4°C, a correction for this is necessary. Let the temperature of water 
used in the experiment be ¢°C 


Then the’ observed sp. gr.= 


mass of 1 c.c. of a substance 
mass of 1 c.c. of water ab t"O 
mass of L c.c. of the substance 
mass of 1 o.c. of water at 4*O 
mass of 1 c.c, of the substance „ mass of 1 c.c. of water at tO 
= nass of 1 c.c. of water at (^O mass of 1 c.c. of water at £0 
observed specific gravity X density of water at 1°C, 


But the true sp. gr.= 
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The variation in the density of water for a moderate change of 
temperature is very small. So unless great accuracy is 1equircd the 
temperature correction need not be taken 
into account. 


124, Determination of the Specific 
Gravity of Solids—It is now evident that 
in measuring the specific gravity of a rolid 
or liquid substance, by any method, we 
are to determine (1) the mass of a certain 
volume of the substance, and (2) the msss 
of an equal volume of water, The specific 
gravity of a solid may be determined by 
any one of the following methods : 

(1) By Hydrostatic Balance— The 
ig Hydro:tatic Balarce has already been 
described in Art. 118. (For further details 
vide J. Chatterjee's Intermediate Practical 
Physics.) 


Fig. 169 
(a) Solid heavier than, and insoluble in water—Take a suitable 
piece of the solid. Suspend the solid by a fine thread (Fig. 169) from 
the hook of the balance pan and weigh it. Then place a bridge on 
the table above the pan without touching it. Slide a beaker over the 
bridge, so that the body hangs freely within it without touching the 
walls. Now slowly pour water within the beaker, co that it hangs 
completely immersed in water. Then weigh it in immersed position, 

Let the mass of the solid in air =W 

and the mass of solid in water =Wi 

Then the mass of water of the same volume as the solid 

=the upward thrust on the solid=W-W, 
Henco, the required specific gravity S of the solid 
ADENWCID T is 
W-W. (121,1) 

If the temperature of the water be t"C, the corrected specific 
gravity =S x density of water at (°C. =+" 

(b) Solid lighter than, but Insoluble in water—As a preliminary 
observation tie the given body with a small heavy unaffected by 
water so that the two together sink in water. The heavy body so 
used is called a sinker. Take a suitable piece of the given solid and 
weigh it in air. Then, with the solid still on the pan, suspend the 
sinker in water from that arm of the balance and counterpoise the 
combination with necessary weights. Next fasten the solid and the 
sinker together, suspend them in water and weigh them, 


Let the mass of the solid in air =W 
the mass of the solid in air with the sinker in water =W, 
and mass of the solid and the sinker, both in water =W, 
-. mass of the solid in air -mass of the solid in water -W,-W; 


Hence the specific gravity S of the solid = V — 
7 1 


Sw; e 1249) 
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If the water be at ¢°O, the corrected specific gravity 
=§ x density of water at (9C. 
for lighter bolies W, — W; is greater than W. So S is less than unity. 

(c) Solid Soluble in Water—In this case take some liquid, in 
which the body is not soluble. Then by the previous method find 
the relative density of the body with respect to this liquid. Let the 
relative density be S,. Then measura the specific gravity of this 
liquid with respect to pure water. (See the following Article.) Let 
the specific gravity of the liquid be S.. Then the true specific gravity 
S of the solid is equal to the product of Sı and Sa as shoma below :— 

+, weight of volume V of the solid 
Sp Gr p weight of volume V of water 
weight of vol. V of the solid, weight of vol. V of the liquid 
weight of vol. V of the liquid weight of vol. V of water 
S=Relative density of the solid with respect to the liquid 

X Sp. gr. of the liguid=S, x Se a aji ...(124,8} 

For example, take a piece of alum. Find its density S, relative to 
the kerosene and then find the specific gravity Sa of kerosene. Then 
the specific gravity S of alum -8, X S4. (For experiments with a 
Hydrostatic Balance, vide J. Chatlerjse's Intermediate Practical Physics.) 

(2) By Hydrometers—The Hydrometer works on the principle 
of floatation and is so constructed that it can float vertically in a 
liquid, Various forms of the instrument may, by the method of its 
working, be classed under the following two heads: 

(1) Constant Immersion Hydrometer 
and (2) Variable Immersion Hydrometer. 

Nicholson’s Hydrometer—It consists of a hollow metal cylinder 
A (Fig. 170) ending in two cones. One of these is connected by a 
short thin stem O to a pan B above, while the other end is connec- 
ted to a conical hollow closed pan D. The pan D is so weighed 
inside with lead shots that the instrument may float vertically 
in a liquid. There is a mark on the upper stem, which remains 
a little above, when the instrument floats on a liquid. During an 
experiment, the hydrometer is always made to sink up to this mark, 
It is, therefore, a type of a constant 
immersion hydrometer. 

Float the hydrometer in water con- 
tained in a tall and wide glass jar, so that 
it does not touch the side of the jar (Fig 
171) A bent piece of wire is sometimes 
placed round the stem O across the 
mouth of the jar to prevent the 
instrument from sinking too much. Place 
suitable weights on the upper pan B to 
sink the hydrometer up to the mark 
and note the weights. Remove the 
weights. Now place on B a suitable 
piece of the given solid and add weights 
on B to sink the instrument again up to Fig, 170 Fig, 171 
the mark. Since in both the cases the hydrometer sinks to the same 


o 
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extent, the downward forces on the upper pan must be equal. In the 
former case, it is the weight of the ‘weights’ placed and in the latter 
ease, it is the weight of the body and some weight together. Hence, the 
difference between the two weights gives the weight of the solid in air. 


Next place the solid on the lower pan in water. If the solid is 
lighter than water, tie the solid with the lower pan with a thin 
thread. Now place ‘weights’ on the pan B in order toallow the 
instrument to sink up to the mark. Note the total weight on B. 

Let the weight to sink the hydrometer up to the mark = W 

and weight to sink, when the body is on the upper pan= W, 
and also weight to sink when the body is on lower pan=W, 

Then the weight of the solid in air =W- W, 

and weight of the so'id in water =W- Wi. 

Hence, the weight of water displaced by the solid 

=(W- W,)-(W- We)=We- Wi 

y 1 W-W; 

. Br. b m 

=. the sp. gr. S of the solid W.-W. ...(194,4) 

Temperature correction may not be necessary here as tho experi- 
ment is not so accurate. 

(8) By Specific Gravity Bottle—The method is specially suitable 
for finding the specific gravity of a solid given in the from of powder 
or small fragments, " 

The specific gravity bottle consi:ts of a small flat-bottomed glass 
bottle, having a narrow neck (Fig. 172), It is carefully fitted with a 
ground glass stopper having a capillary bore running through its 
length. If the bottle is filled to the brim with any liquid and tho 
stopper is then carefully inserted, the excess liquid escapes through 
the hole in the stopper, thus leaving the bot Ie completely filled with 
the liquid. 


Olean the bottle and dry it carefully. Weigh the empty bottle 
in a balance, Then put the solid inside the bottle and weigh again, 
If the solid isa lump too big to go into the bottle, 
crush it and introduce one or two chips of the 
specimen into the bottle, The difference between 
the two weights gives the weight of the solid pub 
into the bottle. Now fill the bottle completely with 
water and replace the stopper carefully, so that 
no air bubble sticks inside. Wipe off any liquid 
that oozes out and weigh again. Next pour out the 
contents of the bottle, wash it thoroughly and fill 
it completely with water. Wipe the outside dry 
and weigh again, 

Let the mass of the empty bottle =W, 

The mass of the bottle with solid inside it=We 

The mass of bottle-solid and water to fill it 
Fig. 172 and mass of the bottle with water to mi 

completely =W, 
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.". mass of the solid in air=Wa- Ws 
and mass of bottle completely filled with water mass of the solid 
= Wat We- Wa. 
Hence the mass of water of the same volume as the solid 
EW VEE Wa We o a 
1 ; Jam s— Wis 
Henoe the specific gravity 8 of the solid Wi-W, + Wa- Wi 


(194,4) 

For a powder soluble in water, use a liquid in which the solid is 
not soluble and proceed as usual. The specific grvity Sı of the 
solid with respect to this liquid is thus obtained. Next determine 
the specific gravity Sa of the liquid with respect to water. Then 
tho specific gravity S of the solid is given by S=S,xSs. Usual 
temperature correction may, however, be made as this method is 
accurate. 

(4) By Floatation—I! the solid is lighter than, and insoluble in 
water and if it is obtained in a regular form (e.g. & cube or a 
oylinder ), the specific gravity can be readily determined by the 
method of flvatation. This is just a principle and is not used practically. 

Measure tho height and the cross-section of the solid, Let these 
be J om. and « sq. om. respectively. Float 
the solid on water and mark the height exposed 
(Fig. 173). If the density of water be p, the 
density of the solid is Sp and its mass is 
ixSp. If the height immersed be h, the height 
exposed is (l-h). 


Hence the volume of water displaced = hx. Fi 
So the mass of water displaced — *A«/. p 178 
For floatation, (X8? «AX? whence 8* t ! + (194,0) 
Example : 


A wolght at a distance z from the fulorum in one arm of a lover balances a 
solid suspended from the other arm in alr. When the solid is immersed in 
water in a boaker placed undor it, tho weight has to bo shifted at a distance y 
to restore the balance, Bhow that the sprolfic gravity of the solid is oly. 

(Raj. U.—1983) 

Ans. Lot tho mass of the solid in air be M, and lot it be sus mäed from a 
point at a distance a on the side of the other folorum, Let tho masa ot the 
weight be m. Take moments about the fulcrum and for equilibrium wo get 

M,aemz æ (1) 

It the mass of the solid In water be M,, thon because the ‘wolght’ has to be 
brought nearer the fulotum by a distance y so as to restore balance, we tako 
moments abont the fulorum so as to obtain 

M,a=m(z—y) m 
On division of (2) by (1) we find 


My 2-y or, Ms 1 V. -M..x. 
TH PEL 1 $^ RTI 


M 
"-————-—,. 
Hence the desired sp. 8% = ic MT y 
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^ 125. Determination of specific gravity of Liquids—To deter- 
mine the specific gravity of a liquid, methods as those of a solid are 
applicable, The usual temperature correction may, if necessary, be 
applied. The specific gravity of liquid may be determined in the 
following jyyays : 

(1) By Hydrostatic Balance—Take a piece of glass ( or similar 
solid ) which is heavier thin and chemically unaffected by the liquid 
as also by water. Weigh the solid in air, suspend it from the left arm 
of the balance and weigh it first in water and then ia the given liquid. 


Let the mass of the sinker in air - 


Mass of sinker in water =W, 

and mass of sinker in the given liquid =We 

Then the mass of liquid displaced by the sinker -W-Ws 

and the mass of water displaced by the sinker =W- W: 
W-Ws 


«<. the specific gravity S of the given liquid = 


W- Wi 

-. (125,2) 

(2) By Nicholson Hydrometer—Find the weight of the hydro- 
meter in an ordinary balance. Float the hydrometer on water and 
add weights on the upper pan to sink it upto the mark. Note down 
the weights. Remove the hydrometer and float it on the given 
liquid. Place weights on the upper pan in order to sink the hydro- 
meter again up to the mark and note down the weights. Then from 
the principle of floatation, the sum of the weights placed on the pam 
and that of the hydrometer is, in each case, equal to the weight of 
the corresponding liquid displaced by the hydrometer up to the 
mark, As the hydrometer sinks to the same point in both cases, the 
volume of water displaced is equal to the volume of liquid displaced. 


Let the mass of the hydrometer =W 

‘Weights’ added to sink it up to the mark in water =W, 

and weights added to sink it up to the mark in liquid =W, 
Thon the mass of water displaced =Wt+W, 
and mass of liquid displaced =WtWe 


Hence the specific gravity S of the liquid =- V+W: ^. (195,9) 
Wt+wi 
Examples ; 

1, A Nicholson hydrometer sinks to a given mark in water when 3°32 gms. 
is placed on the upper pan and to the same mark in a liquid of specific gravit: 
102 when 9'41 gm. is placed on the upper pan. Find the weight of Nivholson’s 
hydrometer. [Pat. U.—1951j 

das. The specific gravity S of the liquid=1'02, the weight W, to sink upto 
E T pe mc pan the weight W, to sink up to the same mark 

liquid 941 gm. 8 the weight fi 
DU RENS ight of the hydrometer, we deduce from 
g-W*W. o W-94l. 
W-W, ” W+3'32 
or, 102x W+102x332=W+9'41, whence the required weight W=301'2 gm. 

3. A Nicholson’s hydrometer floats on a liquid with a part of its stem 
lmmersed. On placing a weight of 40 miligrams on the upper pan, one centi- 
motre more of the stem goes under the liquid, If the diameter of the stem is 
2 mm., find the density of the liquid, 


102 


— M— — 
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Ans. When the hydrometer floats on a liquid, it displaces a volume (say, 
V c.c.) of the liquid whose weight is equal to the weight cf the hydrometer, 
When a load of 40 mgm, is put on the upper pan, the weight of the hydrometer 
virtually increases by the amount and in this case the volume of the liquid 
displaced is V c.c. plus the additional volume displaced. Thus the weight of this 
additional yolume must be equal to 40 mgm. © 

Now the additional voluma of liquid displaced = height x cross-section of the 
atem=1Xx r X ('1)*0.0.= 0314 co, à 


It the density of tha liquid be p, the mass of this liquid—'0314 Xp. By 
hypothesis, this is equal to 40 mgm., i.e., ‘04 gm. Hence we get the equation: 

*0314 X p ='04, whence the density looked for=1'274 gm.[oc.c. 

(3) By Variable Immersion (or Constant Weigbt) Hydrometer 
—In this ease, the weight of the instrument as a whole 
remains constant, while the portion of the hydrometer 
immersed varies with the nature of the liquid. The instru- 
ment is made of glass. Usually it coniists of a narrow 
hollow stem attached to a hollow body ending in a bulb 
at the bottom (Fig. 174). This bulb is weighed with 
mercury (or lead shots) so as fo make the instrument 
float vertically. The stem contains a paper scele inside. 
The mark, at which the liquid surface meets the stem, 
directly reads off the specific gravity of the liquid under 
examination. 


The instrument is graduated by floating it on a 
liquid of known specific gravity. With higher specific 
gravity of the liquid, the hydrometer floats out more. 
On the other hand, the lower is the specific gravity, the 
further it sinks. The graduations are, therefore, made 
from the top downwards. For different specific gravities 
ranging between 0'7 and 2 there is usually a set of Me 174 
hydrometers enclosed ina box. When made to float on water at 4*0, 
the reading 's 1000, i.¢., specific gravity of water =1°000 ; a reading 
of 1750 indicates that specific gravity is 1 750. 

These instruments are used fcr industrial purposes where the specific gravity 
of a liquid is to be readily determined. For special purposes instruments of 
different types are constructed and are differently named. The specific gravity 
of milk is tested by an instrument called a Lactometer, which may be graduated 
by immersing it in mixture of milk and water in various differont proportions, 
Thus, if it sinks up to the mark $, it indicates a mixture of milk and water in 
equal proportions. The specific gravity of ordinary milk is lighter than skimmed 
milk, The specific gravity of urine is tested by ur.n.meter ard that of alchol 


by alcholometer. 


Examples : 
1. A common hydrometer has a uniform stem on which the readings 1'00 
and 110 are 8 oms. apart, Find the distance of the readirg 106 frem 1°10, 
[Mad. U.—1951] 


Ans, Let M be the mass of the hydrometer and V its volume from the 
bottom up to the graduation marked 1'10. When made to float on a liquid of 
specific gravity 1'10, then according to the law of floatation, VX1‘1=M. If 
« sq. om, be the area of cross-section of the stem, then when made to ficat on 
a liquid of specific gravity 1, M=V+E€«. 


Thus Me VXx11-V-8« whence eU 


sq. em. 
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Let | om. be the distance of graduation 1'06. Then, from tke Jaw of floatation, 

M= (Y xl«) x06—(V--1V x 0°0125) x 1'06 

and since M—V x11, (V+1V+0°0125)x106=V X11 

and l=3 cms. very approximately. 

2, The stem of a common hydrometer is cylindrical ard the highest gradua- 
tion corresponds to a specific gravity of 1'0 and the lowest to 1'4, What specific 
gravity corresponds to a point exactly midway between the divisions? 

[Utkal U.—1953] 

Ans. Let M be the mass of the hydrometer and V its volume from the 
bottom up to the graduation marked 1'4, When made to float on a liquid of 
sq. gr. 1'4, then according to the law of floatation, 

M=Vx14 ses E (1) 

Suppose | be the length of the stem from graduation 1'4 to and «, the arca 
of cross-section of the stem assumed uniform. When made to float on a liquid 
of sp. gr. 1'0, then from law of floation, 

M=(V+la)xl=V+lK — - (2) 

If now B be the sp. gr. of the liquid on which it floats exactly 41 exposed, 
then M=(V+4/4)8. 


Then from eqn. 1, V=0714 M 
From eqn. 2, M=V+ix=0714M+1« or, 0'286M=I« 
From eqn, 3, MS LER LAE IOM A 

or, B= rs" 1167. 


(4) By Specific Gravity Bottle— Weigh a clean, dry and empty 
bottle with the stopper. Then fil i& completely with water and 
weigh it again. Pour out the water and dry the bottle carefully. 
Now fill it completely with the given liquid and weigh again. In 
the following case, weights mean masses of the bodies as measured in 
a balance. 


Let weight of the empty bottle =W 
weight of bottle filled with water =W, 
weight of bottle filled with the given liquid =W; 

Then the weight of water filling the bottle =W,- W 

and tho weight of liquid filling the bottle =W,- W 


Hence the specific gravity S of the liquid =X W ...(195,8) 
ne 
(6) By Hare's Apparatus or Watt's Hydrometer— The specific 
gravities of two liquids, which mix with each other; can be readily 
compared by this apparatus. It is merely an inverted U-tube, having 
a branch tube at the top end, to which a piece of rubber tubing is 
attached (Fig. 175). This is again fitted with a clip and has a short 
piece of glass tube attached at the other end. The U-tube is held 
vertically in a suitable frame and the lower ends of two limbs dip 
into the separate beakers, each containing a liquid. When by sucling 
at the open tube, air is partially withdrawn from inside, this pressure 
of air inside is decreased and the external atmospheric pressure 
forces the liquid to convenient heights, when the rubber tube is 
closed by the clip. The height of each liquid column above the 
surface of the corresponding liquid in the beaker is either read off 
the scale attached or meatured by a scale. 3 
Lot the respective densities of the two liquids be =p and p 
and corresponding heights of the liquid columns =h and h’ 
and the atmospheric pressure at the time 5 =P, 
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Now the pressure of air inside the tube is the same throughout ; 
let it be p. Also the atmospheric pressure at the surface of the 
liquid in each vessel is P. Evidently then, 


ptgph=P=ptgph or, ph=p'h', 


h Wu 


Thus the densities of the two liquids vary inversely 
as the heights of the liquid columns, measured from 
the respective surfaces. Hence the densities of the 
liquids can be readily compared and if one of them be 
known, the other is obtained. For example, if one of 
the liquids be water, the density (and so the specific 
gravity) of the other is directly found. It is to be 
noted that the cross-sections of the tubes do not come 
into consideration and that the method can be applied 
to all liquids. 


(6) By Balancing Columns (U-tube)—This is a 
convenient and ready method of comparing the specific 
gravities of two liquids (¢.g., mercury and water) which 
neither mix nor haye any chemical action with each 
other. Take a glass U-tube ABO (as in Figure 162) and 
pour the heavier liquid into it. Then pour the lighter 
liquid carefully into the limb AD, The two liquids 
have a common surface of contact at D. Let the horizon- 
tal line through D meet the other limb at E. If the 
heights of the liquid columns from the common surface 
be hy and hs respectively and iff, and pg be their Fig. 175 
respective densities then proceecing as in Art. 115, it can be shown 


that E - 3i whence ps =a a.. (125,5) 


whereby the specific gravities of liquids can be compared or the specific 
gravity of one liquid can be found if that of the other is known, 


, 
whence ^ ah or, pat TD Pe vee (195,4) 


Specific Gravities of Common Substances 


Substances sp. gr. Substances sp. gr. Substances 8p. gr. 
Steel 71-79 | Duralumin 78 Celluloid 14 
Iron (pure) T'87 Gunmetal 80-84 | Cork 23-2 
Brass 84.8'7 | Manganin 8'5 Glycerine 1:26 
Gold 19°32 Marble 20-28 | Turpentine 87 
Copper 8'93 Quartz 2°66 Kerosene ‘80 
Bilver 10°5 Sand 28-2'6 | Castor oil '97 
Platinum 215 Glass, crown 2'4-2°6 | Olive oil 92 
Lead 11'37 Sngar 1'52 Paraffin oil "96 
Nickel 8'9 Alum 153 Mustard oil *B2 
Tin T8 Parafün Wax 87-96 | Petrol 
Copper Bealing Wax 18 Milk 

Sulphate 21 Common Salt 16 


— 
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Examples : 


1, The specific gravity of ice is 0'918 and that of sea water is 1 03. What 

is the total volume of an iceberg which floats with 700 ou. yds. exposed ? 
(0. U.—1943] 

Ans, Let the total volume of the iceberg= V cu. ys. 

Then volume under water =(V—700) ou. yds. 

.. mass of the iceberg =V 27x 0:918 x 62°5 lbs. 

Also masa of sea-water displaced =(V—700) x 27 x 1'03 x 62:5 lbs. 

^ Vx927x 918x62 5—(V —100) x27 X1 03x 62:5 

whence V=6497'5 cu. yds“ 

9, Find a mathematical expression for the density of a mixture when the 
densities and the masses of the components are knowa. 

Qaleulate the quantity of pure gold in 100 gms. ofan alloy of gold and copper 
of density 16. Density of gold=19 and that of copper=9 (Dac. U.—1940, ^62] 

Ans. let the mass of the components be "hi and m, and their densities, be 
p, and p, respectively. Let the required density of the mixture be p. 

Now volume of the mixture=total volume of the components. 


a Mitma Mı; Ma whence poan te calculated. 
P Pi Ps 
Problem—Lot the quantity of pure gold be z gm,; then quantity of copper= 
(100—2) gms. 


Now volume of the alloy 19, volume of gold 15 
and volume of copper 19-2 


100 2 , 100-7% 
SQL T TM, whi = B8* 7 
aa i9* 9 whenoe z—83:126 gms. 

8. The densities of three liquids are in the ratio 1:2:3. What will be the 
relative densities of the mixture by combining (a) equal volumes, (b) equal 
weights ? [Gau. U.—1958 ; O. U.—1964] 

Ans, Let D be the density of tke first liquid, Then the densities of the 
ascond and the third liquids are 2D and 8D. - 

(a) It in the mixture the volume of each liquid be V, provided there is neither 
contraction nor expansion of the resulting volume, the volume of the mixture is 
3V. If p be the resulting density, the mars of the mixture is obviously 8Vp. 


Then the masses of the liquids in the mixture are VD, 2VDand8VD. Hence 
from the principle of conservation of mass, 


8Vp- VD--2VD--3VD, whence 3p=6D, or the density required — 2D, 


(b) Itin the mixture the mass of each liquid be m, the toti 
liquid 1s 3m and the total volume is 8m/p. 3 Pow 


The volume of the individual liquids are 5 " D and 3b : 
The prinolple of conservation of mass allows us to ensure that 


8m.m, m4, ™ whence the desired density p= iD. 


p D 2D 8D 
4, A oylinder of wood whose specific gravity is 0'25, has anoth 
metal (specific gravity 8'0) attached to one end, The EI tor are T eoi " 
diameter. They have the same axis and are respectively 20 in. and 1 in, Ion 
If the whole is placed in water, find how much of it wil be above the suras 


‘Ans. Lot the height below the surface be h In. [uporu 


Now the volume of the metal cylinder-(rXx1x1) cu. In.— 7... on, ft 
18 ae 


E i =(—™ x62" 
~<, the mass of the metal oylinder (aro 5x8) lbs. 
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Also the volume of the wooden oylinder=(xx1 x 90) cu, in, = 


TX90 
1128 


So the mass of the wooden eytinder- ( x62'5x 025 ) lbs. 


Also the volume of water displaced — (r X 1XA) cu. inath cu. ft, 


1738 
s. the mass of water displaced - (128 x 625 yu. 


Since the total mass of the cylinder is equal to the mass of water displaced, 


62:5 62'5 x8 62:5 x 0'25 
aO aha aah LI aedes 
we got the equation; i. oh 108^ 1788 X 20r 


or h=8+20x025=8+5=13 in. 

Bo the height abova the water surface =(21—18)in,=8. in. 

b. A silver ornament is suspected to be hollow. Its weight is 288-75 gm. 
and it can displace 30 o.c, of water, It the specific gravity of silver is 10'5, find 
the volume of the cavity. (P. U.—1946) 

Ans. The volume of the ornament (288:75--10*5) o.c. 7 27'5 o.c. 

But the outer volume of the ornament=80 c.c. 

^ the volume of the cavity —(30— 275) 6.0. -9'D c.c. 

6. Tho cross-section of the arms of a U-tube are 2 eq. om. and 1 sq. om, and 
it is placed vertically, A quantity of mercury of sp. Br. 18°65 ia poured into 
the U-tube, Find the height through which mercury will descend in the wider 
arm when 52 c.c. of water is poured into this arm. (Utkal U.—1964) 

‘Ans. 59 c.c. of water within the wider arm of oross-teotion 2 eq. om. would 
ocoupy & vertical column of 26 cms. Thus, a column of water of height 26 oms, 
would exert a pressure of 26Xg dynes per tq. om. on the surface of me:cury. 
With respect to this meroury surface, the free mercury surface in the narrower 
column would rise by » om., where, hx 19°65 Xg=26Xg, whence h=1'9 oms, 


Since the oross section of the narrower column is 1 sq. om. the rise in tho 
narrower column is twice that in the wider ono. Hence, depression of mercury 
surface in the wider column is 1'0:-2—0'95 om. 

*190. Surface Tension—It has already been stated that there is 
a cohesive force between the same kind of molecules of a solid or & 
liquid. The effect of such cohesive forces on the free surface of a 
solid or a liquid is a force of contraction acting along the bounding 
surface and this contractible force is different for different substances. 
Since a liquid can very easily take up any shape, this force of con- 
traction along the surface may be demonstrated very conveniently 
with a liquid as shown in the following experiment : 


ABGD represents a metal wire bent twice at right angles at points 


B and C, so that the arms AB and CD are parallel to each other 
(Fig. 176). Another straight piece of thin wire EF which js tied with 


Bug) Gq ^ A P 
1 R 
T v 
I 
Cor Fe oH D & 
Fig. 176 Fig. 177 


a thin piece of thread at the middle point can slide over the parallel 
arms. A soap solution is made in a vessel and this wire combination 


pi.—I/G.-18 
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is dipped into the solution. On putting the wire out, a soap film is 
formed within the space BCEF and on releasing the wire EF it will 
be found to be moviog towards BC. The force, that moves the wire 
is due to the contractile force acting on the surface of soap solution. 
To maintain the film, a certain amount of force, although very small, 
would have to be exerted on the thread outwards. Unless this force 
is applied the wire EF would gradually approach BO and would 
ultimately coincide with it. The surface of the liquid, therefore, 
behaves as if it were in a state of tension like a thin stretched 
elastic membrane. 

The phenomenon is explained by supposing that there is a system 
of forces acting along the surface of a liquid, Let PVQR be an 
element of the surface of a liquid and let PQ be an imaginary line 
drawn upon it (Fig. 177). At any point of this line, there are two 
forces equal and opposite and acting at right angles to this line. If 
we imagine a unit length along PQ, the force acting over this unit 
length is called the force of surface tension. It is to be borne in 
mind that such forces of tension act over free surface of a liquid 
only and not within the interior of tha liquid, 

Let the force applied along the outward direction just to balance 
the force of surface tension be T and if the length of the wire EF 
touching the film be l, then remembering that the soap film has got 
two free surfaces, upper and lower, on each of which the surface 
tension is acting— 

E Ai: 
T= 2S) Suis ai bread Aa) 

The surface tension is of the dimension of a force per unit length 
and may be measured in dynes per centimetre or poundals per inch. 
Phenomena due to surface tension may alternatively be explained in 
terms of potential energy developed when a liquid surface is increased 
against the forces of surface tension. Suppose for instance, that the 
wire EF i$ pulled against the force of surface tension through a 
distance HG. The act of pulling should be so slow as not to disturb the 
temperature of the liquid. The work done to stretch the film surface 


is T x EG. 
4 TX EG=281x HG= 28 x (area FEGH). 

The film, surface, because of its two sides is actually increased by 

twice the area BFGH. Hence the work done per unit area is 
TXxEG -g 
2x(area FEGH) '' 

Thus under isothermal condition the surface tension is numerically 
equal to the work done to increase the surface area of a liquid by 
unity. If the temperature changes, the force of surface tension also 
would suffer a change. The dimension of surface tension is a force 
divided by the length and may be expressed as MLT~-*+L=MT-?. 
^ 2127. Illustrations of Surface Tension—The following illustra- 
tions show the existence of the surface tension of a liquid, A round 
wire frame ls dipped into a soap solution so as to form a film whereon 
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is placed a short silk thread A with a knot at the ends, The closed 
loop with the thread may lie on the film in any manner as shown in 
Figure L78(a). On now touching any portion of the film inside the 
loop with & needle point so as to pierce the surface, this point of the 
film disappears and immediately the loop of the thread takes a round 
figure B (Fig. 178,5)]. This is due to the uniform surface tension of 
the film acting along the external boundary line of the loop of the thread, 
For such a system of forces, the equilibrium condition is a circle. 


It is always found that emall 
drops of rain or dew or small 
floating particles of liquid in air 
are round in shape This can 
be explained on the basis of 
surface tension. To form a liquid 
surface some work is to be done. 
Consequently, some potential 
energy is associated with the 
surface of the liquid in question. 
It is a general law that for a stable equilibrium of ‘system, its 
potential energy would be minimum. Hence a liquid drop would 
assume such a surface as to have minimum potential energy. When 
forses of surface tension acting on the surface of the liquid drop are 
very great as compared to the weight of the liquid, the form of the 
liquid 1s round ; since for a given volume, the minimum surface area 
is that of a sphere. 


Fig. 178 


A slightly greased sawiag needle, if carefully placed on the sur- 
face of water in a vessel, is found to float although it is much heavier 
than water. It can be explained by supposing that due to the surface 
tension, the free surface of water behaves as an elastic membrane. 
Whenever the needle is placed on this membranous surface the part 
of ib bolow the needle is depressed and consequently the surface as a 
whole is enlarged. The curved portion of tho liquid surface below 
the moodle in. its attempt to straighten out offera a vertical force on 
tho needle to support its weight. Spiders and insects are found to 
move and run on the surface of water without sinking.: This is also 
due to the surface of water behaving as an elastic’ membrane strong 


enough to support tho insects. 


It a soap bubble, blown at the end of a pipe, be allowed to stand 
it gradually shrinks in volume, This shows that the surface tension 
tends to reduce the liquid surface to a minimum, If a camel-hair 
brush is dipped in water, the individual bairs project in different 
directions. But when taken out of water, the hairs are held together 
as if coated by a membrane. When the cohesive forces between the 
molecules of tha liquid are less than the adhesive forces between the 
molecules of the liquid and the solid, the liquid wets the solid e.g., 
water in contact with glass. But if the case is reverse, the liquid 
does not web the solid, ¢g., mercury in contact with glass. Mercury 
sprinkled oa » glass plate collects into small spherical drops, while 
watar will spread oub over the glass surface. If two glass rods are 
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introduced in water and in mercury, then after witkdiawal, the 
former is found to be moist while the latter is dry. (For other 
details of Surface Tension, vide Part III.) 


EXERCISES ON CHAPTER X 


Reference 

Art, 128 1, Distinguish between density and specific gravity. 

(E. P. U.—1961 , Utk. U.—1959; O. U.—1958 , Dac. U.—1950, '62) 

Art. 198 2, A mixture is mace of 7 c.c. Of a liquid of specific gravity 
1'85 and 5 c.o. of water. The specifo gravity cf the mixture is 
found to be 1'615. Determine-the amount of contraction. 

(0. U.—1957) 
Ans. 0°89 c.c. 

Art, 198 8. Two bodies are in eqnilibrium when suspended in water 
from the arms of a balance, The mass of one body is 28 gm. and 
its density is 5'6 gm.[o.c. If the mass of the other body is 86 gm., 
what is its density ? (Dac. U.— 1952) 

Ans, 2°77 gm.[c.c. 
Art. 198 4. A body weighs 1915 gm. in air, and 10611 gm. in cne 


liquid and 102:26 gm. in another, Find the apparent weight of the 
body in a mixture formed by equal volumes of the two liquics. 
Ans. 104'23 gm. 
Art. 198 6. A oylinder of iron floats vertically ard fully immersed in a 
vessel containing mercury and water. Find tho ratio of the length 
of the cylinder immersed in water, to that immersed in mercury. 


(Bp. gr. of mercury — 18*6 ; sp. gr. of iron=7'20) (Pat. U.—1955) 
Ans, 97; 118. 
Art, 198 6. When equal volumes of two substances are mixed toge- 


ther, the specific gravity of the mixture is 4. But when cqual 
weights of the same substanors are mixed together, the specifio 
gravity of the mixture is 8. Find the epecific gravities of the two 


substances, 
Ans, 6 and 9. 

Art, 128 7. A piece of wax of volume 22 c.c. floats in water with 2 c.c. 
above the surface. Find the weight and the epecific gravity of 
the wax. 

Ans. 20 gm. ; 099. 
Art, 194 8, A speolfio gravity bottle weighs 16°59 gms. wben empty, 


26°69 gms. when some quantity of talt is put into it. The bottle 
is then filled with kerosene oil and weighs 42°77 gms. Tho salt 
is now thrown out and the bottle ie completely filled with kerosene 
oil, when it weighs 89°59 gms. If the specifio gravity of kerosene 
oil be 0'8, find the sp. gr. Of salt. 
Ans. 206. 
Art, 124 9. Desorite any method of mensurivg specific gravit; fa 
substance lighter than and insoluble in water. E S 
(Utkal U.— 1949) 


Art. 194 10. How would you proceed to find out the ep. gr. of (i) a 
solution of copper sulphate, (is) a solid crystal of copper sulphate > 
Find the sp. gr. of a solid from the following data ; 
Weight of solid in alr-04 gm. 
Weight of sinker in air-4'0 gms. 
Weight of solid and sinker in water=9'37 gms. 


Bp. gr. of sinker =8'00 Dac, U.—19; 
Ans, 0'15. (Pean E 
Art, 125 11. A Nicholson’s hydrometer sinks to a certain mark in 9 


liquid of sp. gr. 0'6; but it takes 120 gms. to sink it to the same 
mark in water. What is the weight of the hydrometer? 
(0. U.—1958) 
Ans, 180 gms. 
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Reference 

1i. Exolain the principle of a Nicholson's hydrometer. Art. 124 
How would you uss it for fiading oat ralative density of cork. 
(Cf. Utkl. U,—1951; R. P. B.—1916, '49, Of. Anna. U.—1951; 
Of. E.P.U.—1953) 


13, A glass tuba 30 emi. long and $ sq. om. in cross-section Art, 125 
is closed at one ead; its wight is 4 ems. and 10 gms. of mər- 
cary are poured into it. What will ba the sp. gr. of liquid in 
which it flows vartically with 2 cms. length of its stem above 


the surface f (P. U.—1936) 
Ans. 1. 
14. The stam of a common hyrdometer is oylindrical and Art, 126 


the range of the instrament is from 10 to 135. Find the 
Specific gravity of a liquid ia which the instrumen: floats with 
one-fourth of its stem exposed. 

Ans, 1°05. 


16. A spsoifio gravity bottle welgbs 1472 gms. when empty, Art, 195 
3974 gms. when filled with water, and 44°15 gms. when filled 
with a solation of common salt. What is the spocific gravity 


of the solution ? (0. U,—1954) 
Ans. 17, 
16. A U-tuba contains some meroury at the bottom. Water Art. 125 


is poured into one limb and oil into tha other, When the 
heights of the columns are respectively 7'üoms. and 9'65 oma, 
ého mercury stands at the same level in both the limbs, Find 
the density of the oil, 
Ans, 0'8 gms.[o.c. 
17. A hollow stopper made of glass of density 2'6 gms./o.c. Art, 124 


is foand to woigh 99'4 gms. in nir and only 8'9 gms. in water. 
What is the volume of the atrin the internal cavity of the 


stopper ? (Utkl, U.—1962) 
Ans. 105 o.c. 
18, Dəsoriba and indicate the use of a Hare's Apparatus, Art, 125 
(Pat. U.—1954; O,U.—1953, '69, Anna. U, — 1951) 
19. Explain $with illustration the phenomena of surface Art. 196 
-: tension, E (And. U.—1931 ; Of. E. P. U.—1952) 
20, What do you undaraiand by the torm ‘surface tension’ Arts. 
of a liquid? How do you account for ib?  Desoribe 126 & 117 


aoms simple experiments to demoostrate its offect, 
(P. U.—1962; Of. E. P. U—1963) 


CHAPTER XI 
PROPERTIES OF GASES 


128. Gisos and Liquids—As already montioned, gases have 
‘sayecal proparties ia common witu liquids and both are commonly 
formal fluids. Gases like liquids exert pressure and possess elasticity 
of volum» but not of shapa. A gas does nob possess a free surface 
as a liquid doas. Oa the other hand gases being much lighter than 
liquids, ara vary compressible and have got the property of indefinite 
expansion, Any volume of & gas possesses weight. The fact that 
air has weight can be shown by the following experiment, first 
mndertaken by Osto Von Guerieke (1602-1636) in 1660. It is 
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significant to note that a few years before this experimen}, Guericke 
inyented the air pump. 

A fairly large glass globe 3 to 4 inches in diameter and provided 
with a stop-cock, is taken. By means of air pump the globe is 
evacuated as much as possible and the stop-cock is closed. The globe 
is now carefully weighed in a balance. The stop-cock is then opened 
and air is re-admitted into the globe. On weighing the globe again, 
it is found to be heavier. The difference between the two weights 
evidently gives the weight of the air admitted into the globe. With 
any other gas the above experiment can be performed which shows 
that all gases possess weight. 


129. Pressure of Atmospheric Pressure—!he sir surrotrdirg 
the earth extends up to a considerable height from the surface. This 
envelope is called the atomosphere. The atmosphere may ke rupyceed 
to be divided into a number of horizontel layers rarellel to the surfece 
of the earth ; each layer bears the weight of all other layers abcve 
it and is thus subjected to a pressure due to their weight. This 
pressure is called the atmospheric pressure, Evidently this preeru1e 
is greatest at the surface of the earth and decreases es we move 
higher. Further, in the case of air et rest the presiure at all ycints 
on the same horizontal plane is the teme. The idea of equality of 
pressure on the same horizontal plane first struck the mind cf Bleice 
Pascal (1623-1662), a French scientist. As different layers me ctm- 
pressed to different extents, they possers different densities, the 
lowest one being densest. f 

The existence of the atmospheric gressure can ke demonstrated Ly 
the following experiments. Take a glass tumbler filled with water 
to the brim and slide carefully a theet of card-board on its rim. If 
the tumbler is now carefully inverted, the water does rot fall, show- 
ing that the upward pressure of tke atrospkere cn the lower surface 
of the card-board supports the weight o! water and the card-hoaid. 

Depress an empty glass tumbler into water with mouth down- 
wards. The level of water inside the timbler is fourd to ke lower 
than that of outside. This is due to the pressure of enclosed air 
which depresses the level of water incide. 

Tie a piece of thin rubber sheet R airtight over a stout glass 
cylinder G open at both ends (Fig. 179). Place 
the other end on the plate B of an air-pump 
after having it well-greased. Now evacuate 
the air gradually from inside the cylinder. 
The rubber sheet is depressed more and more 
and finally it bursts with a loud report. This 
is. due to the fact that when air is taken out, 
the inside pressure falls snd the pressure of the 
outside air depresses the rubber sheet which 
ultimately bursts when this pressure becomes 
too much. If the upper end of the cylinder 

Fig. 179 is pressed by the palm of the hand in place 
of the rubber sheet, then on working the pump, 
the pressure of the air can be felt. When the exhaustion has 


x 
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proceeded considerably, the hand is pressed so much that it is 
matter of effort to lift itup at this stage. 


Take a toy rubber balloon 
partially filled with air. Tie its 
mouth with a string and put it 
under receiver of an air-pump. 
On working the pump, the 
balloon gradually swells up 
as evacuation proceeds on 
(Fig. 180) Now readmit air 
into the receiver when the 
balloon again collapses to its Fig. 180 Fig, 181 
original form. When the receiver is full of air, the air inside the 
balloon exerts pressure on the wall, which is balanced by the pressure 
of air within the receiver. But when the receiver is gradually 
evacuated, the outside pressure decreases, and the pressure inside the 
balloon becomes greater and so it swells up. 

Take two bottles A and B connected together by a bent tube 
passing through an air-tight stopper, through which one end of the 
bent glass tube dips into the liquid (Fig, 181). The end of the tube 
within the other bottle passes very loosely, so that the inside of this. 
bottle is in communication with the outside air. Put the two bottles 
under the receiver of an air-pump and gradually evacuate. It will be 
found that the liquid flows from the closed bottle to the open one 
through the bent tube. This happens, because when the receiver is 
evacuated, the pressure of air within the closed bottle, rises higher 
and forces the liquid out through the tube. 


Magdeburg Hemispheres Experiment—The existence of atmos- 
pherie pressure was demonstrated with brass hemispheres by Otto 
Von Guericke in 1654. The apparatus consists of two hollow brass 
hemispheres (Fig. 182), whose edges are so grinded that they fit each 
other exactly. One of these is provided with a handle and the other 
with a stop-cock, a handle being screwed to the latter. The edges 
of the hemispheres are well-greased and put. together, so that they 
fit air-tight. The air from inside is then pumped out. A very great 
force is now required to separate the hemispheres. The reason is 
simple and is stated below. 


When there is air inside, 
the internal pressure balances 
the external pressure. But 
when the air from inside is 
removed, the atmospheric air 
tresses the hemispheres from 
all sides and keeps them very 
f tightly pressed against each 

Fig. 182—Magdeburg Hemispheres other. On re-admitting air the 
hemispheres can he easily separated. 

130. Rise of Liquid in an Exhausted Tube—When the lower 
end of an open tube is dipped into a liquid and air is sucked out 
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through the upper end, the liquid rises up the tube. Similarly, water 
rises in a syrioge ia a pump as the piston is pushed up. All these 
facts were formerly explained by assuming that nature abhors vacuum. 
It struck to Galileo that such an assumption could not have a scienti- 
fic bisis and he impressed his student Torricelli to go on with the 
research regarding ‘rise of a liquid in vacuum’, The explanation was 
given by Torricelli that the rise of the liquid is due to the pressure 
of the atmosphere. He then argued, that a heavier liquid should 
consequently rise to a smaller height and that the height for a 
particular liquid would change with a change of atmospheric pressure. 
To verify these facts, Evangelista Torricelli (1608-1647) in 1643 devised 
an experiment which goes by his name. 

Torricelli's Experiment—Take a thick glass tube, about a metre 
long and closed at one end. Taking care that no air bubble sticks to 
the inside of the tube, fill it completely with pure mercury. Now 
close the open end tightly with the thumb and inyeri the tube 
vertically over a basin D containing pure dry mercury so that the 
open end is under the mercury surface (Fig. 183), On removing the 
thumb the mercury column sinks down to some extent but remains 
stationary at a certain height. The height of this level from above 
the mercury surface in the basin is found to be nearly 76 cms. 


Ezplanation—The mercury surface in the basin is acted on by the 
pressure of the atmosphere which is transmitted undiminished in all 
directions. Again the pressure due to the mercury column in the tube 
at a point in level with the outside surface, is due to the weight of 
the mercury column of height equal to the vertical distance between 
the two mercury surfaces. As the mercury column is in equilibrium 
these two pressures balance each other and must, therefore, be equal 
in magoisude. Hence, the atmospheric pressure maintains the weight 
of the mercury column. If an opening be made at the top of the 
tube, the atmospheric pressure would also act upon the mercury 
inside the tube and so the column would come down to the level of 
mercury in the basin, Evidently then the atmospheric pressure is equal 
to ths pressure due to a column of mercury nearly 76 cms. in height. 
Torricelli was the pioneer in devising an original form of a barometer. 


The space within the tube above the mercury surface contains no air 
and is usually referred to as Torricellian vacuum. 
Really, however, the space contains a little 
of mercury vapour and is not a perfect vacuum. 
But as the pressure due tomercury vapour at the 
ordinary temperature is extremely small, its 
pressure may practically be neglected. The atmos- 
pherie pressure is given by the vertical height of 
the mercury column. If the tube is slowly 
inclined (Fig. 183) it is found that the space 
above mercury column gradually decreases 
but the vertical height measured from the 
] mercury surface in the basin remains the 

Fig. 183 same. When the tube is sufficiently inclined the 
mereury strikes the top of the tube with a smart metallic sound, 
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showing that there is no air inside. The height of the mercury 
column changes from time to time and also at different places, which 
shows that the atmospheric pressure is moi constant. 

If thera is a change of pressure above the free surface of mercury, 
the height of mercury column is also found to change. Place the 
basin under the receiver of an air-pump while the tube passes through 
an air-tight rubbar-cork fitted to the open top of the receiver. As 
the pump is worked, the level of the mercury column gradually sinks 
down. On re-admitting air into the receiver, the mercury column 
gradually rises to its original level in the tube. 


-Tako the tube as in figure 183 and raise it gradually with the 
open end always under mercury. The space above mercury increases, 
but the height of the mercury column measured from the surface of 
mercury in the basin remains the same: If a very deep cistern is 
taken and the tube is gradually pushed in it, the space above mecury 
decreases but the height of the mercury column above the outside 
surface remains the same, The mereury ultimately touchas the top 
of the tube and if the latter is pushed further down, the tube remains 
always filled with mercury. The height of the mercury column will 
not remain the same, if tha space above mercury contains air or any 
other gas. 


Pascal (1623-1662 ) suggested that since the atmospheric pressure 
decreases as we go up, the height of the mercury column also would 
dacrease accordingly. In 1648, Perrier went up to the top of Puy- 
de Dome, a mountain in France about 1000 metres in height, and 
found that the mercury column actually came down through 8 om. 
It was also found that with different liquids, the vertical columns 
stood at diffirent heights. 


131. Magnitude of the Atmospheric Pressure—Since the pressure 
of the atmosphere supports a column of mercury, 76 cm. in height, 
the atmospheric pressure per sq. cm. is equal to the weight of a 
column of mercury of 1 sq. om. in cross-section and of 76 em. in 
height. Taking the mean value of g to be 981 cm./sec." and the 
density of mercury to be 13°6 gm. per c.c., the atmospheric pressure 

— wh. of 76 c.c. mercury 76 X196 gm. wt. per om.” 

=(76 x18'6x 981) dynes per sq. em. 

=1,013,961 dynes per sq. em. 

S5 the atmospheric pressure is approximately equal to one million 
dynes or 10° dynes per sq. om. 

Expressed in F. P. 8. units the atmospheric pressure= weight of a 
column of mercury 30 inches in height and 1 sq. in. of cross-section 
= weight of 30 cu. inches of mercury. 

jg n 625 

- X959 

(30 x136 x 7 
=(14'8 x 82) poundals per sq. in. =473'6 pounials per sq. in. 

Hence the average atmospheric pressure is approximately equal 
to 15 lbs. wi. p2r sq. inch or nearly one ton per sq. foot. When any 
gas or liquid exerts an equivalent pressure, the pressure is often 
mentioned as being that of ons atmosphere. 


) lbs, wt. per. sq. in. —14'8 lbs. wt. per sq. inch. 
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Since density of mercury is 19'6 times the density of water, the 
height of water column supported by atmospheric pressure 

=(30 x 18'6) in. =34 ft. ( nearly ). 

Normal (or Standard ) Atmospheric Pressure—The normal ( or 
standard ) atmospheric pressure is defined to be the pressure exerted 
by a column of mercury, 76 cm. in height, and of density 1875951 
gm./c.c, subject to the gravitational acceleration of 980°665 cm./sec.* 
This is taken to be the standard, with which other pressure may bo 
compared. 

Hence the standard atmospheric pressure 

=(76 x 13'5951 x 980°665) dynes per sq. cm. 
=1,013,237 dynes per sq. em. 

In meteorology, œ pressure of one million dynes per sq. cm. is 
called a bar. This is also equivalent to a pressure of 29°52 inches 
of mercury. One thousandth part of Lar is called a millibar. The 
standard atmospheric pressure is. thus equal to 1013°24 millibars. 

Pressure on the Human Body—Taking the average surface area of the 
body of aman of middle size to be about 16 sq. ft. the pressure on 
the body amounts to (15 x 12 x 12 x 16) Ibs. or over 15 tons weight. It is 
very surprising to think how a human being can withstand such an 
enormous thrust without least discomfort while it is absurd for him 
even to carry & load of one ton! The explanation is not difficult to 
find, for there are openings of innumerable pores on the skin of the 
body, through which air goes within the system and there is a free 
communication between inside and outside. The pressure of inside 
air counterbalances the pressure outside and consequently just as o 
fleece of cotton in air can fly about safely without being squeezed by 
atmospheric pressure, any flne part of a human system is equally safe. 
The pressure of blood within veins is matched against the outside 
atmospheric pressure. But if the outside pressure considerably alters, 
for example, in climbing up high altitude or in diving under sea, 
precautions should be taken to conpensate for the pressure of inside 
and outside. The space-suit, worn by the aeronauts in outer atmos- 
phere is provided with double walled jacket for tte compensation of 
outside pressure and consequently there is no feeling of disecmfort 
even staying in vacuous space. 

132. Barometers—4A barometer is an instrument for measuring 
the pressure of the atmosphere at any time in terms of the height 
of the liquid column. Mercurial barometers are of two types — 
(i) Cistern barometer and (ii) Siphon barometer. There is arother 
type of barometer, called Aneroid barcmeter, in which a liquid is 
not used. : 

Cistern Barometer—A glass tube containing mercury ard starding 
vertically on cistern of mercury constitutes a very simple form of 
the cistern barometer. The height of the mercury column within the 
tube measured from the mercury surface in the cistern measures the 
atmospheric pressure at the time. When the atmospheric pressuro 
changes, that height of mercury column in the tube and consequently 
the level of mercury in the cistern also changes. Hence ‘a scale 
cannot be permanently fixed with its zero mark in level with surface 


ART. 182. PROPERTIES OF GASES 208: 


in the cistern. To get an accurate reading of the pressure, therefore, 
either the scale should bə variable in position or the level of mercury 
in the cistern must necessarily be kept invariable. The latter condi- 
tion i3 attained in a type of barometer as given below : , 
Fortin's Barometer—This is most accurate type of mercurial 
barometer of the cistern type and is, therefore, widely used. It- 
essentially consists of a barometer tube which is 
completely filled with pure dry mercury with no 
air bubble sticking to the inside (Fig. 184) and the 
tube is inverted over a cistern of mercury called 
the reservoir. The mercury stands ab & height 
depending on the amount of atmospheric pressure, 
The upper part of the reservoir consists of a glass 
cylinder A (Fig. 185) which allows the mercury 
surface to be seen. The cylinder is fitted at its 
lower end into a box-wood cylinder B which is sur- 
rounded by a brass case. The lower end of B is 
closed by a piece of fiexible leather which thus forms 
the true base of the cistern, The leather base is 
provided with wooden bottom O at the lower surface. 
A screw S passes through the bottom of the cistern 
and presses against C. By turning the screw, the 
bottom can be raised or lowered, ro that the level of 
mercury of the reservoir can be altered at will. 
The upper end of the cistern is closed by & strip 
of leather through the pores of which communiet- 
tion is maintained with the external air and thus 
the atmospheric pressure is transmitted to the inside. 
A small ivory pointer P (Fig. 184) is fixed vertically 
to the lid of the cistern such that its lower $ 
tip is on the same horizontal plane as 
the zero of the scale. j 
The barometer tube is made of fairly 4 
large bore at the upper side to ayoida |, 
tangible pressure effect on mercury column 
due to the surface tension. The tube is 
also drawn to a small opening at the 
lower end and is constricted a little above 
it to reduce any oscillation which may 
be set up in the mercury column during 
adjustment. The barometer tube is en- 
closed for safety within a long brass tube. U 
In the upper part of this tube, two wide Fig. 185 Fig. 184 
vertical slits are cut diametrically opposite to each other, so that 
the upper level of mercury may be seen through them. 


The linear scale, S (Fig. 184) for measurement is engraved on the 
brass tube along the edges of the front slit, one edge being graduated’ 
in centimetres and the other in inches. Although the scale continues 
throughout the length of the case, it is usually graduated from about. 
97 to 32 inches or 68 to 80 cms. towards the top, the zero of each: 
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«corresponding to the tip of the. pointer. A brass vernier scale V can 
beslidei up ani down in the front slit by rack and pinion arrange- 
ment, worked by the screw H. Tae lower edge of the vernier is 
exagily colacideas wish tha zaro marks on either side To know the 
atmospheric tampsrature, a thermometer T is fixed to the lower part 
of the brass case. Tho barometer is attached to the wooden board 
which muy be hung within a eas» or agains che wall of the room. 

To read ths barometer the instrument is at firsh made vertical. 
The soraw S is thea worked until the mercury surface in the cistern 
just toushes the tip of tho ivory pointer. The adjustment is correct 
wien the ivory pointer app2ars jast to toush its image on the clean 
mercury surfac3. Th» vernier scale is then moved until the lower 
edg» appears to be tangential to the curyed mercury surface ia the 
tubs.* To facilitate this adjustment, a piece of milk glass is usually 
fisted to tha bickboard of the iassrument, Keeping the eye in level 
with tha marcury surface, the vernier scale is movei until the piece 
of whit» glass is jus) cub off from view. When the adjustment is 
complete, &h» reading is taken fron the main scale and the vernier, 
For acourate determinatioa of the pressure, a temperature correction 
of the reading is nesessary. (For details Vide Heas Art, 29 & J. 
"Ohasterjee's Intermadiste Practical Pnysios) 

*138, Siphon Barometer—Tis is a convenient and"portable 


E mI 
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aS 


Fig. 187 Fiz. 188 
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tyye of mercurial barometer. It consists simply of an U-shaped 
tube having unequal limbs. The longer limb AB (Fig. 186) is closed 
at the top and is about 90 ems. long, while the shorter limb OD is 
open to the atmosphere. The space above mercury column within. 
the limb AB is vacuous and the mercury column in OD is exposed 
to the atmospheric pressure. The difference of mercury levels in the. 
two limbs gives the barometric height. 


To protect the mercury surface at C, the limb OD is very nearly 
closed, leaving a very small opening at D through which communica- 
tion with the external atmosphere is maintained. To prevent the 
entrance of air into the limb AB when the instrument is inclined, 
the two limbs are joined by an U-tube of very narrow bore, as. 
shown in the figure. The instrument is fixed on & wooden beard and 
a scale is attached to the board against each of the two limbs to 
read the difference of levels of mercury. 

The weather glass or a household barometer (Fig. 187) is a form 
of Siphon barometer. In the shorter limb, there is a float on the: 
mereury surface, which moves up or down with the surface. This. 
float is connected through a rack and pinion arrangement to a wheel 
and to the centre of the float a pointer is attached (Fig. 188). The 
pointer moves over & dial mounted in front of the tube. The dial is 
graduated in inches and is also marked with indications such as fair, 
variable, rainy, stormy, ete. The position of the pointer, therefore, 
gives the atmpospherie pressure in inches and the probable stete of 
the weather in immediate future. Hence this instrument is termcd 
a Weather glass. 


184. Aneroid Barometer—In this barometer no liquid is. 
used (a, without ; meros, liquid). In the present form, it is sufficiently 
acourate and at the same time very light and easily portable, It. 
consists of a shallow cylindrical metal chamber O (Fig. 189), which 
is partially evacuated and is hermetically sealed with a thin elastic 
metal diaphragm. The diaphragm is ccrrugated in circles to make: 
it readily yield to small changes of atmospheric pressure. Any 
variation of pressure causes a deformetion of the corrugated top, an 
increase of pressure depressing the top and any decrease raising it. 
The amount of depression or elevation is always proportional to the 
change of pressure. Tke deformation, which is always small, is 
magnified by a delicate system of levers snd is ultimately transmitted 
to a pointer at the top moving over a circular scale. The scale is. 
previously graduated in comperison to a standard mercury barometer, 

` go that the pressure can be directly reed 

on it in centimetres or inches. To 
prevent the instrument from being 
permanently deformed due to a 
sudden rise of pressure, the lid 
is supported on a trong spring 
which presses sgainst the lever L 
Fig. 189 acting on a fulcrum. Words rain, 

i fair, storm, change, etc., are written 

on the dial and the pointer at any position correctly indicates the 


‘206 INTERMEDIATE PHYSICS CHAP. XI 


-corresponding state of the weather, provided the instrument is kept 
-ab approximately tha same level for which it is meant to be used. 
A complete picture of the instrument with its outer casing and dial 
‘is shown in figure 190. 

The aneroid barometer is lighter, more easily portable and less 
liable to damage than a mercurial barometer. An aneroid barometer 
may also be provided with a scale to indicate directly height in feet 
«or in metres. Such barometers, which may be as small as watches 
and are used by mountaineers and aviators to record the heights 
attained, are called altimeters, 

Barograph—A  barograph is an instrument for automatically 
recording on a chart a continuous variation of the atmospheric pressure 
(Fig. 191), It consists of an aneroid barometer C which is kept well 
covered in a glass box. The top of the barometer is connec! 
through a system of levers L and 8. Any change in the atmospheric 
pressure is recorded by the end of the lever S rising up or down. 
A recorder is attached by the end of a long lever and its point 
presses against the drum slowly rotated by a clock-work arrangement 
and revolves once a week. The pressure variation is recorded on 
the graph paper as a continuous wavy line. 


Advantages of Mercury as a Barometric Substance—The 
advantages of mercury as n barometric substance would be apparent 
from the following facts : 


Fig. 190 Fig. 191 


(1) On account of the high specific gravity of mercury, à com- 
‘paratively short column of it, about 80 inches long, balances the 
‘atmospheric pressure. 


(2) In the Torricellian vacuum, there is very little mercury 
vapour, to the pressure due to this mercury vapour is negligible. 
On the other hand, water gives off vapour even at the ordinary 
temperature, and this would exert appreciable pressure on the liquid 
column and so the observed height would be less than the true 
height. Glycerine vapour has, of course, very low pressure ati 
ordinary temperatures ; but as glycerine readily absorbs moisture from 
the atmosphere, its density changes and also this moisture is given 
off by the liquid within the tube. 


(3) Mercury when pure does not wet glass. 
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*135. Uses of Barometer—A Barometer may be used either 
for the measurement of atmospheric pressure or for the determina- 
tion of height, 

Determination of Height—At the sea-level, mercury barometer 
stands at about 76 ems. On ascending through the atmosphere, n 
certain height of the air column is left out, so the atmospheric 
pressure, and consequently the length of barometric column 
decreases. Let the barometer reading at lower and upper stations be 
hı and hg respectively. 

Vertical height betwesn the two stations=H. cms. 

Average density of nir between the two stations=p gms./c.c, 


So Hx pXg=(h, — ha) X 186x g, whence Habchex 196 oms. 


Taking the average density of air near the surface of the earth, 
it is found that for an altitude difference of 107°7 metres, the change 
of barometric height is 1 em. This corresponds to a change of 
pressure of 1 inch for en altitude difference of 900 ft, But as air is 
highly compressible and as the temperature is lower in the upper 
regioas, the density of air decreases as we go up. Bo the barometric 
readings do not fall in proportion to the height. A rigorous caloula- 
n of m determination of height is given in the part on Heat 

rt. B1). 

The height of a place above tho sea-level in metres can be directly 
determined from the formula 

H = Kilog; 9h, — log, ola) Pr 1) 
where Ay and ha are the atmospheric pressures im centimetres at the 
sea-level and ab the required altitude and K is a numerical constant 
equal to 18900 nearly. 


Forecasting of Weather—It is found that the atmospheric 
pressure at a place varies at different hours -of the day, as also 
from day to day. Tne variations may be due to changes in the 
density of nir consequent upon the changes of temperature and on 
the amount of water vapour in the atmosphere, Hence, the barometer 
readings would give us same idea as to the possible condition of the 
weather at any time and also in near future. Water vapour is lighter 
than air, its density being & of that of dry air. So when the 
proportion of water vapour in the atmosphere becomes large, the 
density and hence the pressure of the atmosphere decrease and the 
barometer reading falls. ,A considerable fall in the barometer, there- 
fore, indicates that rain is imminent. If there is a sudden decrease 
of pressure at the place, air from surrounding regions would rush 
to the place. A sudden fall in the barometer record. therefore predicts 
an immediate storm. A slow fall for several days implies continued 
bad weather. On the other hand, ® sharp rise indicates a fine weather 
but nos lasting. A steady rise indicates a continued fine weather lor 
some time. ‘These forecasts are oaly approximate. 

Weather Charts containing informations about pressure, tempe- 
rature and humidity of atmosphere, strength and direction of the 
wind, the state of the sky, ete., are daily published by Meteorological 
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Offices. Air pressures in millibars are shown on the charts by 
continuous lines, called isobars each of which passes through places 
of equal barometric pressure at a certain time. The relative position 
of these lines indicate the state of expected weather. When the 
isobars are near, the variation in the pressure is rapid. The regions 
of low pressure are called cyclones and those of bigh pressure are 
called anticyclones. The instrument by means of which the strength 
and the direction of wind can be measured and recorded is known 
as anemometer, The latest method of weather forecasting is indicated 
by orbiting satellite and its radio-reception from meteorological 
stations. 


136. Extent of the Atmosphere—The air at the surface of the 
earth would tend to expand indefinitely in space. But at a certain 
height, this tendency is expected to be balanced by the action of 
gravity and so the atmosphere may be taken to extend to a limited 
height, But the density of air gradually decreases with height. 


Formerly balloon experiments were done. to explore the limit of 
the earth’s atmosphere. A record of previous history may be given 
here. On the 27th may, Prof. Piccard of Belgium rose to a height 
of about 13 miles. On September 80, the Soviet Balloon tU.BuS B. 
rose into the stratosphere to an altitude of 19,000 meters or about 
115 miles. On the 11th November, 1937 a stratcsphere expedition 
was undertaken aboye Dakotain America under the National Geo- 
graphy Society by Capt. W. Stevens and Capt. Orville Anderson, 
who rose in balloon to a height of 72,395 ft. or nearly 18'7 
miles, 


An: unmanned balloon carrying self-recording instruments went up 
in 1936 from U. S. A. to a height of 21'8 miles which proved evidence 
of sufficient air at a height of even 45 miles to reflect sun’s rays at 
sunset. Reflection of radio waves has revealed that traces of atmos- 
phere extend to even 200 miles and beyond. Recent experiments on 
art ficial satellites (sputniks ) conducted by scientists of U. S. A. 
and U. S. S. R. have further thrown light on the extent of atmosphere. 
Tt is now known that traces of atmosphere extend up to 200 miles 
approximately. 


Difficulties of a High Ascent—It is to be mentioned here that 
great difficulties are experianced in a very high ascent as in the 
Everest Expedition for the following among other reasons: 


(i) The Density of Air—The lower density causes difficulty of 
breathing as a person would have to make a greater number of 
inhalations per minute to take the requisite supply of oxygen. With 
artificial inhalation of oxygen, this difficulty may be minimised. 


(i) The Low Atmospheric Pressure—O wing to this the pressure 
within our body would be in excess ; this would cause a rush of 
blood towards the nose, ears and eyes, which would even sometimes 
bleed. This may be minimised by using pressurised garments, Further, 
the muscles should have to put forth greater force in supporting the 
limbs which would feel stiff and without any strength. 
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(ui) The Low Temperature—The temperature. of the atmosphere 
becomes lower as we go up. At a height of 5 miles, the temperature 
of the aic is found to fall to —90?Q0 approximately, and ata height 
of 7 miles, it falls to about —58°O. Unless special precautions be 
taken, the aeronaut may be frozen to death. 

137. Isothermal Volume Caanges ot Gases—It has already been 
stated that gases are highly compressible so that the volume of an 
enclosed mass of a gas readily changes with changes of pressure, The 
relation between the pressure and the volume of a given mass of a 
gas at constant temperature was first discovered in 1662 from experi- 
m'ntal results by Robert Boyle (1627-1691), and also independently in 
1676 by Mariotte in France. The relation is enunciated in a law, 
called the Boyle’s Law in England and the Mariotte’s Law in the 
European Continent. 


Boyle’s Law—The volume of a given mass of any gas at constant 
éomperature varies inversely as the pressure to which tt is subjected. 

Thus if V ba the volume of a mass of a gas at a pressure P, then 
at constant temperature— 


1 T : 
Va , Vek jd 
x P Or. P where k is constant 


whence PV =k, a constant. m: (187, 1) 

Hence, if a given. mass of a gis ab a constant temperature has 
volumes Vi, Va, Vs, ote., under pressures P,, Pa and Ps respectively 
then we have P1V1=PaVe=PsVs=a constant. This constant depends 
on the nature, mass and temperature of the gas. The equation (187, 1) 
is known as the isothermal equation of state. 


Pressure and Density—The relation given in Boyle’s Law can also 
be expressed in terms of pressure and density of the gas. Thus let 
a certain mass m of the gas at a constant temperature possess a 
volume V, and density P, aba pressure Py, and a volume Va and 
density Pa when the pressure is Pa ; then since the mass remains 
constant. 


m Vips = VaPo BATAN i d (1) 
Pa Vi 
Again from Boyle's Law, PıVı=PaVa or Pi Vs ...(2) 
Po Vi 
P, 


-. From equ., (1) & (2), p» whence E: is constant (187, 2) 
2 


Ps 

138. Verification of Boyle's Law—The apparatus generally used 
for this purpose consists of a long glass tube AB (Fig: 192) of 
uniform bore and closed -at the top permanently by being sealed off 
or by means of two air-tight glass stoppers as shown in the figure. 
This tube is connected at its lower end by a piece of long flexible 
thick-walled rubber tubing to a wider glass. tube DB open at both 
ends. Both the tubes can slide along vertical uprights and can be 
fixed at any desired position by clamps Xand Y. The lower parts of 
both the glass tubes and the whole of the rubber tubing T are filled 
with pure dry mercury, while the upper part of A contains some 


Pt. I/G—14 
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amount of dry sir or any other gas. There is a vertical scale S. 
attached to the stand, which is graduated on each side in centimetres, 
The positions of the levels of the mercury in the tubes can be read 
from the scale S. As the tube AE is of uniform bore, the volume of 
the enclosed air is proportional to the length of the enclosed air 
column within the tube. For accurate observation, the tube is 
graduated in fractions of cubic centimetre. 


For Higher Pressures—Raise the open end, such that the mercury 
level in B is higher than A. Fix it up somewhere and wait for some 
time to allow the compressed gas to atteia room temperature. The 
volume of air in A is evidently proportional tothe difference of the 
readings of the closed end E of the tube and mercury level at C. 
The pressure of air in A is obtained by adding the difference of the 
mercury levels D and C in the two tubes and the barometric height 
at the time. Take a few such readings of volumes and pressures 
with the mercury level in B higher in each case. Here th» pressure 
is always higher than the atmospheric pressure. 


For Lower Pressures - Slice B down till the level of mercury in 
the two tubes is the same again. Now lower B step by step. The 
volume of the air in A gradually increases and 
the level of mercury in B is always lower than 
in A. The pressure of the air in A isin each 
case obtained by subtracting the difference of 
the mercury levels in the two tubes frem the 
barometric height. Here the presswre of the 
enclosed air is always less than the atmospheric 
pressure. Note the volume of the air and the 
corresponding pressure at each step. Find the 
product of the volume v and the correspon- 
dirg pressure p in all cases. It is found that 
the product px v is approximately constant. 

Precautions—The mercury as well as the air on- 
closed in A must be perfectly dry. To get dry air the 
stop-cocks as the month of the tube A may be opened 
and some fused caloium chloride is kept in funnel 
tube. The tube B is then raised so that mercury level 
in A touches the lower stop-cock, Thus the air inside 
A is all forced out. Then B is slowly lowered, where- 
by meroury level in A in coming down sucks atmos- 
pherio air through calcium chloride making it dey. 
Thus any required volume of the gas may be taken 
in at the start. 

To account for any variation in the atmospheric 
pressure during the experiment the mean of the 
F barometer readings at the beginning and at the end 

ig. 192 of the experiment should be taken. 


Tt is sometimes a difficult tack to make glass stoppers absolutely air-tight in 
a glats tube. If there is any leakage from the closed end of the tube during 
experiment, then the experiment is spoilt. To ensure the safety, the upper end 
of the tube A is made permanently sealed. 


The altera‘ion in the volume of the enclosed gas must be made very slowly 
80 na avold any change in temperature due to the sudden compression or 
expansion. 
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To represent graphically the relation between the pressure P and 
the volume V of a gas, the pres- 
sures are represented along 
abscissa and corresponding volumes | 
along ordinate. The nature of E 
the curve is shown in figure 193. 
The curve so obtained is a branch 
of a rectangular hyperbola. If the 
pressure P is plotted against 1/V 
which is reciprocal of correspond- 
ing volume, resulting graph is 
a straight line. 


The change of volume of a 250 500 750 00011 
gas at constant temperatura is Pressure in M.M.— 
known as isothermal change and 
the curve representing the change 
in the volume of a gas with the change of pressure at any constant 
temperature is called an isothermal curve or simply an iso'hermal 
at that temperature. 


Volume in C. 


Fig. 199—Isothermal curva 


Examples ; 


1. A vertical cylinder of sectional area 10 sq. cm. is fitted with an alr tight 
piston weighing 80 kgm, The cylinder contains some air and the height of the 
piston from the bottom of the oylinder is 28 om, If the barometor reads 76 om, 
at the time, find the tolal pressure inside. If an extra load of 80 kgm. be placed ` 
on the pistor, find how far it will be depressed. (g=980 cm. per. sec.’.) 

Ans. Pressure due to the weight of the piston 

= 30 x 1000 x 980 
10 


Atmospheric pressure per unit area = 76 x 19'6 x 980 =1'01 x :0* dynes/om.* 

-. Total pressure inside (2°94 x 10* -- 101 x 10*) = 3'95 x 10° dynos/cm.* 

The additional load produces a pressure of 9'91X 10" dynes per sq. om. 

. ‘Total pressure = (8'£5-- 2:94) x 10* dynes= 0:89 x 10° dynes per sq. cm. 

Let tho piston be depressed through z om 

Then the (28-2) x 6'89 x 10* 28x 8°95 x 10* whonoe z»11'94 om, nearly. 

2. The space above a mercury column ín barometer tube oontains soma 
air, Tho mercury colamn fs 9840 inches long and the space above it is 8:05 
inches long. Tha tube is then pushed downwards into the mercury so that the 
column is 98'14 inches long while the air space is 2'84 inches, What 1s the true 
height of the barometer. (Raj. U.—1956) 

Ans, Let the true height of the barometer in the air-freo state be P Inches. 
So the initial pressure of the enclosed air=(P—284) Inches and the volume ot 
the air=305xX«; where < is the cross-section of tho bore of the tube. Final 
pressure of the enclosed air=(P—28'14) inches and the volume is 2'04x «. 

, From Boyle's Law, (P-28'4)x8'00 x « =(P—98'14) x9'84x« 

whence P=39'26 inches, 

8, A tube 6 ft. in length closed at one ond is hbaif-filled with mercury and 
it ia then inverted with its open end jast dipping into a mercury trough, If the 
barometer stands at 80 inches, what will bo the height of the mercury. inside 
the tube ? (0. U.—1951) 


Ans, Let the height of mercury column in the tube when inverted=h in, 
Initially the air occupies (3x19) in. of the tube and its pressnre=30 in. Final 
volume of the air is (72— A) in, of the tube and the pressure=(30—h) In. 


«^ (73-A)(80—7)-86 x 30, whence h=12 in, or 90 in. 


=9'94% 10° dynes per sq. cm. 
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Bat as the length of the m»reary column cannot be great:r than the tube 
itself so fhe second value cannot be accepted. Hence the required height is 1 ft. 


4, A faulty baromster containing aic and of 1 sq. om. cross-section reads 
77 cms. when the trae’ reading is 78 oms. an? it reads 70 cms. when traa reading 
70:8.. Find the volume of air presant at a pressure of 76 cms. (And, U.—195 /) 


Ans. Let l oms. be the iength of. the barometer tube measured from the 
mercury level of the cistern. In the first cass air pressure within the barometer 
is 78-%77=1 om of mercury and volume of afr is (1—77) c.c. Applying Boyle’s 
Law, we get (1-77) x 12 (1— 70) x ‘8, whence 1=105 cms. 

Thus the volume of air is 105—77-:38 c.c. under a pressure of 1 cm, If v be 
the volume of this air at a pressure 76 cms. then from Boyle’s Law, 

98x 1=76xv, whence 7—0:37 c.c. 

5. A narrow tube with a uniform bore is closed at one end and near the 
other end is thread of me*cury of known length, The tube if held ver:ical with 


closed end (a) up and (b) down. Show how the barometric pressure is determined 
from the positions of the thread, (Gan, U.—1955) 


Ans. Let ! be the length of the mercury pellet within the tube. If pand g 
be ths density of mercury and acceleration due to gravity, then the pressure 
exerted by this pellet on the enclosed air within the tube is lpg. When the 
tube ig held with its open end upwards, then the pressura P due to atmosphera 
and that due to the pellet acts downwards and the total pressure is P+lpg. If 
the length of the enclosed air column be l,, then since the cross-section is 
uniform, the volume of the air column is proportional of 1, call it Kl,. 


When the tube is held vertical with its open end downwards, then tha 
atmospheric pressure within the tube acts upwards while the pressure due to 
pellet acts downwards, So the new pressure is P—1pg. If now the length of 
enclosed air column be 7, the volume is Kl, Now applying Boyle's Law, 
werget (P--1pg) x Ki, =(?—Ipg) x K (4.07, P(14 —1,) - lpg(1,4-1,). 
lpo(t, +71) 

Wet, > 

189. Arehimed»s' Principle applied to 
Gases —Just as a body immersed in a liquid 
experiences a vertical upward thrust equal to 
the weight of the liquid displaced by the body, 
so also a body in air is subjected to an up- 
ward thrust by the surrounding gas, which 
is equal to the weight of the gas displaced. 
The upward force exerted on any body by the 
surrounding sir i: called the buo ancy of the 
air. Hence the weight of a body in vacuum, 
which is its true weight, is greater than its 
apparent weight in air by the weight of the 

Fig. 194 displaced air. 

This is clearly demonstrated by a baroscope, which consists of a 
small balance from the arms of which a small brass weight and a : 
large cork sphere are suspended. so as to counterpoise each other 
when in air. Thorefore their apparent masses are equal. The whole 
is'then placed under the receiver of an air-pump. If now the air is 
pumped out, the cork sphere is observed to sink down becoming 
actually heavier (Fig. 194). When both are suspended in air the 
cork sphere owing to its larger volume displaces greater volume of 
air than the brass weight and so it experiences a larger upward 
thrust. But as the apparent masses of the two are the same the 
true mass of the cork sphere must be greater than that of the brass 


whence P= 


eee nk ere 
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weight, In the, following calculation we use the. word ‘weight’ to 
mean the mass of a body. >i 

*Buoy ancy Correction in Weighing—The fundamental assumption 
in a buoyancy correction in weighing is thet the apparent mass of 
the body to be weighed is equal to the apparent mass of the weights 
placed to counterpoise it. 


Let the true weight of the body =W 
true weight of the counterpoising weights =W 
density of the material of the body =p 
density of the material of the weights =p' 
density of air at the time =d 

Then for equilibrium, w-Wa-w-Wa 

p 
w(1- 2j 
p 


whence W= TNA 
p 


-w(i+4-4) ve (139,1) 
Pe 
since d is small in comparison to p and p'. 


Example $ 


The weight of a body in air of density 6°00125 gm. per c.o; is fonnd to be 
899:8 gm. 1f the de; sity of the material of the body be 3' gm. per c.c. find the 
wei,ht of the body in air of density ‘C0129 gm., per c.c. and also its true weight 


Ans. Let the true weight of the body=W gm. 

Then the volume of the bodys(W-:-2'5)- volume of the air displaced, 

We WAGONS e 399'8 whence W=400 gm, j 

Hence the volume of the body =(400+2°5)=160 c.c. 1 

Its wt. in air of density 000139 (400 — 160 x 000129) = 899798 gm. 

140 Balloon—The buoyancy’ of the eir is utilised in the ascent of 
a balloon, an airship or any other air floating machine. If the weight 
of.the machine with its accessories be less than that of the displaced 
air the machine will rise up in air. 

A balloom is essentially “a large beg of silk or some other light 
material, the outside of which i8 thoroughly varnished to make it 
air-tight (Fig. 195). It is filled with some gas lighter than air such 
as hydrogen, helium or coal gas, The balloon is provided with, 

(i) A light car to carry passengers which is süspended by cords 
attached to a large network of ropes covering the balloon. 

(ii) A safety valve at the top. Opening it with a cord, the 
containcd gas may be allowed to escape and the balloon may be 
lowered at will. 

(iii) Some bags of sand, which being emptied would make the 
balloon ascend further or descend less rapidly. 

(iv) A parachute which is ‘a large umbrella-like contrivance with 
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cords hanging from its circumference and carrying a light frame at 
the other end (Fig. 196). 


The aeronaut may leave the balloon 
with the parachute, which then opens out 
like an umbrella due to the resistance of 
the air below and makes the descent slow. 
There is a small opening at its top through 
which the air slowly escapes whereby it 
descends upright. 

Air Ship—It is 
2 modifieation of the 
balloon with arrange- 
ment to steer tho 
machine in any direc- 
tion with changeable 
speed. After being 
lifted up in the air, 
i& can be driven by 
zropellers worked by 
motors and it can be 
steered in any direc- 
tion by a suitable 
rudder. Zeppelin is 
an example, Hydro- 

$ " gen being extremely 
de spes light is used in the 
air-ships ; but later on helium was preferred as it is non-inflam- 
mable. It is due to hydrogen taking fire that the German air liner 
the Hindenburg, the biggest of its type and used in trans-Atlantic 
flight, was destroyed on 6th May, 1937. At present air-ship is 
obsolete since large jet planes, able to carry several tons of load and 
move with very high speed, haye been built, 

Examples ; 

1, A litre of hydrogen and a litre of air welght about 009 gramme and 18 
grammes respectively at a certain temp:rature (/ and pressure (p). What 

d be the capacity of a balloon, weighing 10 kilograms, which just floats 


when filled with hydrogen having the same pressure (p) and the samo 
temperature (f) as the air. 4 


Ans. Let the capacity or volume of the balloon =V litres, 

+". Mass of the hydrogen enclosed in the balloon -Vx009 gm. 

And mags of air displaced by the balloon =VX1'8 gm. 

Now wt. of the balloon--wt. of hydrogen erclosed =wt. of air displaced. 
ss 100004- V x0:09— V x 1:8 whence V 2 826146 litres nearly. 


. & A balloon, weighing 150 kgm., contains 1000 ou. metres of hydrogen and 
4s surrounded by alr. Oaloulate the additional weight it can lift. Also explain 
why the balloon will Boat in stable equilibrium at a constant altitude. Density 
of hydrogen =0'00009 gm./c.c, and d:nsity of air— 000199 gm./c.c. 
; [Gau, U.—1952] 
Ans. The mass of the balloon and the coatained gas=150 kgm.--mass of gas. 
Now mass of 1000 on, metre of h; drogen. 
=1000x 10" x "00009 gm.—10* x 000009 kgm. =90 kgm. 
. s+ Total mass of balloon and hydrogen =150 + 90=240 kgm. 
< (Mass of air displaced = 1000 x 10° x 00129 gm. =1290 kgm. 
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Hence from Archimedes’ principle force of bnoyancs=1290 210-105) 
kgm.=lts lifting power at the place where density of alr ls "00129 gm./o.c. At a 
higher altitude the density of air is less, so that balloon cannot ascend with the 
givea load. Again at a lowar altitude the density of air is higher than ‘00129, so 
that the balloon with the given load could be forced upwards due to greater 
buoyancy. S» it takes up a constant height determined by the required density 
of air (00129 gm./oc.). 

3. A balloon is filled with a gas whose density is ys that of ait at NLP. 
Compara the total lifting power of the balloon in air at a pressure of 75 om. to 
that in air at 74 om, the temperature rea maining always at 0°O and the yolame 
of the balloon being supposed to be the same. 

Ans. Let the density of air at N.T.P. =d»; thon that of enclosed guod. 

Again density of air at 0°O, and 74 om. 1x 3$. 

Let the volume of the balloon be V c.c. and the total lifting power in the 
two casea be W, and W, respectively. 


Then Wit java or, W;,-Vd(1- 74) -- (1) 
Again Wit yeavattt o, . W,-Vddi-i)-1HY4 ^) 


From (1) & (2) W, : W,7456 : 443. 

4. A oylinder filled with alr at atmospherlo pressure is lowered in water 
with its mouth downwards till it is $ fall of water. To what further depth 
should it be lower till it is 3 full of water? Density of meroury ls 13'6 and 
barometric height is 76 cm. 

Ans. Let l be the length of the cylinder in om, and < its area of cros3- 
section in sq. om. Then tha volume of air is I 0.0. under the atmospherio 
pressure of 76X 189:6X g dynes/sq. om. 

Let the depth of water be A cm. moasured from’ the top surface of tho 
eylioder at which the oylinder is } full of water, The volame of air is then 
qixc.c. and the total pressure within the cylinder is 78x19'6x g-(h - 3) Xg 
dynes/sq. om, 

Now, if temperature does not change, then according to Boyle's Law 

14X76 X 186 Xg = 31K x [16x 136x g-(h — 1) x g] 


or, 76X13'6=2h+4l — or, a 16x 186 oms., neglecting the length of the 


cylinder a3 compared to h. 


When the cylinder is further lowered by h, 0M8., where is } full of water tha 
volume of contained air is 3/« c.c. and the total pressure is 
46x 96xg- (h--h,--M)xg dynes/sq. om. Then again applying Boyle's Law, 
«x 13x 196 x g= 31« 16 x 16x 96x gt (h+hy +31) x g] 
or 8X76X13'5=76X13 6+h+h, nogleoting } 


or, IX 16x 186213, 7167199. y, 


or, SX75X 198 p= 15508 oms. 
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Reference 

1. Explain fully the meaning of the statement—the atmosphere Arta. 

exerts a pressure of 15 Ibs. per square inch nearly. How would you 129 & 131 
verify the statement experimentally ? (0. U. 1951) 

9. How will you show experimentally that the atmospheric Arts 


pressure acts equally from all directions ? Though the surfacayof 181 & 13: 
the human body is large explain why we are not orushed by the 
pressure of the atmosphere, (Utkal U.—1952) 
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9. Express the normal pressure of air in absolute unite 
(Density of mercury=13°6 and g=981 ems. per seo. per sec.) 

(Del. U.—1963; And. U.—1952 ; Del. H. 8.—1954; 
O. U.—1957 ; Raj. U.—1955) 

Ans, 1013961'6 dynes per sq. cm. 

4, In a barometric column, mercury stands at fO inches above 
the level of the mercury in a trough, Express the atmospheric 
Pressure in O.G.8. units, it being given that 1 inch=2'54 om. 
9=981, Sp. Gr. of mercury =13°6, 

Ans. 10169299 dynes per sq. cm. 

5. The reading of a barometer at the top and ground floor of a 
building are 23905 and 23949 inches respectively, The densities 
of mercury and air are 13:58 and 001293 gm. per c.c. respectively. 
Find the helght of the building. (And. U.—1961) 

Ans, 38°4 ft. 

6. De:cribe with a neat diagram the princlple and construction 
of a barometer which you use in your laboratory. 

(Raj. U.—1963; Pat. U.—1952 ; Dac. U.—1952 ; 
U.P.B.—1952 ; Of, O. U.—1954 ; Utkal U.- 1958 ; 
P. U.—1962) 

7. Give a brief description of Fortin's barometer and explain 
its adjustments. Oaloulate the atmospheric pressure in dynes per 
om,’ when the corrected barometric height is 750 mm, (given = 
981 and p— 186). (Dao, U.--1961 ; Of. Nag. U.—1:5? ; 


U. P. B.—1958) 
Ans. 10,00,620. 
8. Explain the principle of an Anerold barometer, 

(Dac. U.- 1964 : R.P.B.—1955) 
9. Explain why it is.necessary ío correct the reading of a 
Fortin’s barometer for the temperature. Obtain an expression for 
this correction. (Anna. U.—1960 ; Pat. U.—1953 ; Nag. U,—1963) 
10. A bottle whose volume is 800 c.c. sunk mouth downward 
below the surface of a pond. How far must it be sunk for 100 o.c. 
of water to run into the bottle? The height of íhe barometer at 

the surface is 76 cms. and the sp. gr. of mercury is 13'6, 


(Nag. U.— 1950) 
Ans, 9201 metres. 
ll. The mercury in a barometer tube stands at 75 ome. and 


the epace above it is 5 cms. in length. 2 c.c. of air at atmospheric - 


‘pressure are admitted into the tube and the mercury now stands 
at 60 oms. Find the area of cross-sections of the tube, 
(Nag. U.—1950) 
4ns. *5 sq. cm. 
12. State Boyle's Lawit How is the law verified experimentally ? 
(Mad. U.—1961 ; Nag. U.—1950, '65 ; R«j. U.—1952, ’59; Del, H 8. 
—1970 ; E.P.U.—1959 ; Qf. Gau. U.—1955 ; Pat, U.—1954) 
18. A steel bulb cf capacity 2 litres contains air at pressure 
of 5 atmospheres. What should be the resultant pressure if now 
5 litres of air atmosp*eric Pressure are pumped into the bi Ib, 


(Nag. U.— 1965) 
Ans. TÖ atms. < 


14, State Boyle’s law and descrite an experimental arrangement 
for verifying it for pressures greater than and less than one 
atmosphere. (Gau. U.—1952; U.P.B.— 1964 ; C.U.— 1961 ; 

Dac. U.—194' ; P.U.— 950) 

15. The volume of an air bubble increases tenfold in rising 
from the bottom of a lake to its surface, If the barometric height 
80 inches, what is the depth of the Iske? (Sp. gr. of mercury 
»-196) . (Dac. U.—1961; Raj. U.—1951) 

Ans, 306 ft. 


PROPERTIES OF GASES 


16, At what depth in water will a bubble of air have the 
game density as water givon that water is incompressible and air 
obsys Boyle’s Law for all pressure? (Density of air at ordinar; 
atmospheric pressure is 1°85 gm. per litre) (R. P. B.—1959 

Ans 27200 ft., taking water baromeler- 94 ft. 

17. A marrow ture with uniform bore is closed at one end 
and ai the other is a thread of mercury 8 cm. in length. The tube 
js held vertically, once with the closed end up and then with the 
closed end down. The lengths of the air column enclosed between 
the mercury thread and the closed end are 42 cm. and 34 om. 


respectively in the two cases, Oalculate the atmospheric pressure. 
(Pat, U,—1964) 


Anz, 75 om. of Hg. 

18. A glass tube oloscd at one end is 72 om. lorg. The inside 
is covered with a soluble pigment, In sounding the depth of the 
Bea tha tuba is, lowered verically bellow the sea, open end down, 
till it just touches the bottom. When taken out. the pigment was 
found dissolved to within 4 om. of the top. If the average density 
of sea water is 1°02, fnd the depth of the sea at the place, 

(Density of mercury =13°6 ; atmospheric pressure= 176 om.). 
(U, P. B.—1944) 

Ans. 17288 metres. 

19. Tha space above the mercury in a faulty barometer 
measures 12 cm. and the mercury column extends 72 cm, above 
the maroury in the cistern, On depressing the tube in the cistern, 
cm. What is the atmospheric pressure in centimetres of mercury ? 


Ans, 75 om. 

20, Explain fully how the height of a barometer affords us a 
mensure of tho pressure of the atmosphere. What is the weight of 
a litre of air collected at the top of a mountain when‘the barometer 
stands at 50 om.? (1 litre of air ab a pressure of 76 om. weigh 
1°29 grams), 

Ans. 0°3487 gm. 

91. The density of air at N.T.P. is 0000129 gm. per c.c, Find 
the alteration in the we!ght of 16 litres of air when the barometer 
falls from 76 cms, to ¥4 cms. 

Ans. The weight decreases by 0'51 gm. 

92, Due to the pressure of small quantity of air in the empty 
space above the top mercury in a Torricellian tube, the height of 
mercury column is 752 mm. when the atmospheric pressure is 
162 mm and 750 mm. when the atmospheric pressure is 759 mm. 
What is the true atmospheric pressure when the height of the 
mercury column is 750 mm. ? (Del, H, 8.— 1960) 


Ans, 746 mm. 
98, A tube 5 fit, in length, closed ‘at cne end, is half-filled with 


mercury and then is inverted with itg open end just dipping into 
a meroury trough. If the barometer stands at 30 inobrs what will 
be the height of mercury inside the tube ? (P. U.—1952) 

Ans, 11°5 ins. 

94. The miss of a balloon when empty 1051 kgm. When 
inflated with hydrogen, its volume becomes 35:5x10* cc. If the 
density of the enclosed hydrogen is. 0'000085 gm. per c.c, and. that 
of the surrounding air be 00912214 gm, per c.c. find the additlonal 
welght which can be lifted by the balloon. 


Ans. 29°85 kgm. 
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CHAPTER XII 
AIR PRESSURE MACHINES 


141. Syringe—ls is an instrument whose working depends on 
the effect of atmospheric pressure and it is generally used to raise a 
liquid from one vessel and then to transfer it to another. Jt consists 
of a hollow glass or metal tube with the lower end tapering to a 
nozzle. An air-tight piston work within 
the tube. To draw a liquid, the nozzle 
is dipped in it keeping the piston at its 
lowermost position. When the piston is 
drawn up, & partial vacuum is formed 
within the cylinder below the piston and 
so tha atmospheric pressure acting on the 
liquid surface becomes greater than the 
inside pressure. The liquid is, therefore, 
sucked into the cylinder as the piston is 
raised up. When sufficient liquid has 
been drawn in, the syringe is taken up. 
Owing to the pressure of the atmospheric 
air acting at the nozzle the liquid cannot 
escape. If the piston is now :jushed 
down, the pressure inside becomes greater 
than the pressure outside and so the 
liquid is forced out. 

An eye-dropper or a fountain-pen filler 
works on the same principle as a syringe 
but instead of a piston, there is a rubber 
bulb fitted air-tight at the top. On being 
N pressed, the rabber bulb forces some air 

to go out of the tube through the nozzle. 
If now the nozzle is put under liquid 
Tig. 197 Fig. 198 and pressure on the bulb is released, the 
bulb regains its shape and expands the 
space inside. The pressure inside is thereby lowered and the requisite 
quantity of the liquid is sucked in ro as to equalise the pressure. 
Figure 197 shows a pen with an automatic filler. Within the barrel 
B of the pen there is a rubber tube T in communication within the 
capillary tube leading to the nib Fixed to the side, there is a lever 
T, which on being raised, presses the tube and forces air out of it- 
"The pen is lowered in ink and the lever is released so as to inflate 
‘the tube, whereby the ink is sucked in and fills up the tube as 
shown in Fig. 198. Animals inhale air into the lungs on the same 
principle. Daring inhalation the muscles of the chest cause the lungs 
to expand, whereby the internal pressure is reduced and so air is 
drawn in. Also during exhalation the lungs contract and the carbon 
dioxide is forced out, 

142. Principle of Pumps—Pump is a class of machines which can 
rtransfer fluids from a region of lower pressure to a region of higher 
pressure. Almost every type of pump consists of a large strong 
cylinder into which a suitable piston works air-tight. A complete 
o-and-fro motion of the piston is called a stroke. 
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Valves—The air pressure machines are provided with devices, 
called valves, which act as very light trap doors placed at the openings 
of dises or in connecting pipes of pumps. 
A valve allows the fluid to pass in one 
direction only but completely blocks the 
passage in the opposite direction. Valves 
differ in forms according to the purposes 
for which they are meant; one may be —— os 3 
a flat disco turning about a hinge on a set 
plte with a hole (Fig 199. À & B) c” D 
‘serving as the partition wall between 
two compartments. If the fluid pressure Fig. 199 
ia the lower compartment exceeds that in the upper, there wou'd be 
an exoass force acting from below on the valve, which would then 
open out and allow some fluid to pass through the hole. But if the 
fluid pressure in the upper compartment be in excess, the door will 
'be pressed air-tight on the plate and on fluid is allowed to pass 
through. In addition to the form of a flap door, & valve may be of 
the type of a conical piece moving in a conical slot (Fig. 199, O) or 
even a light ball moving in tapering hole. The form of valves, 
generally used in air pumps, consists of a strip of oiled silk stretched 
over a hole (Fig. 19), D) A valve should be very light so that it 
can work at the smallest possible difference of pressures. 


143. Common Pump or Suction Pump—"t consists of cylinder 
AB (Fig. 200), called the barral within which a piston P works 
smoothly. The piston is made air-tight withia the barrel by a collar 
of soft leather or rubber strip. The barrel is connected at its lower 
enl with a long pipe whose other end is introduced into & reservoir 
from which water is to be raised. There are two valves, both opening 
upwards, one of which V is at an opening in the piston, while the 
other O is at the junction of the barrel and the pipe. Near the top 
of the barrel there is a spout E thro-gh which water flows out. In 
the case of a hand pump, the piston is worked by means of handle 
which works as 9 lever and is attached to the piston rod. 


Action—Let us starb with the piston at this lowest position. 
During the upward stroke, the piston is raised against atmospheric 
pressure and hence the valve V remains closed. The space below the 
piston therefore increases and the inside pressure falls. The valvet C 
is opened by the excess of pressure of the air inside the pipe and so 
this air partly enters into the barrel. The pressure of the air inside 
the pipe and the barrel becomes less that the atmospheric pressure and 
so water from the reservoir is sucked up into the pipe. The suction 
is continued till the piston reaches the topmost position. During the 
course of first up-stroke rome water may even reach the barrel. 


During the down-s'roke, the air within the space below the piston 
is compressed due to which the valve O becomes closed. When the 
inside pressure becomes greater than the atmospheric pressure, the 
air inside tre barrel pushes th» valve V open and escapes through 
it. Air continues to escap) through the upper valve till the piston 
roaches its lowest position, the valve © remaining closed all the while. 
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If some water has been raised within the barrel. during the up-siroke,. 
this wather finds its way above the piston through the valve V. 
Rive During the next vp-stroke the 


valve remains closed due to the 
atmospheric pressure and the pressure 
of any water aboye it, while due to 
the yacuum produced above the valve 
" C, it opens and water is forced into 
the barrel. The water above the 
piston flows out through the spout 
(Fig. 201), A few initial strokes 
may often be necessary to driye off 
air from inside the jump and hence 
to get the first supply of water. 
When once a supply. of water is. 
obtained, water is given off at every 
upward stroke of the piston. It is to 
be noted that although water is said 
£ to be ‘sucked in’, it is really ‘rushed 
Fig. 201 up’ by the atmospheric pressure, 


Limitation of the Suction Pump—Since water is raised by ihe 
atmospheric pressure, the height of the piston akoye the surface of 
water in the reservoir must not exceed that of the water barometer, 
i.e, about 34 ft, But as the valye has scme weight and the, pistcm 
in not. perfectly air-tight, the éifference in heights is found to be 
slightly less. Moreover, the pump gives an intermittent flow of water, 
supply being made during every wp-stroke. 

Such pump is now being widely u:ed in the tube-wells. If kept 
unused for sometime, owing to the dryirg-up of leather ccllar the valve 
in the piston may rot remain perfectly air-tight and water would 
not rise up in the barrel. In such a case some water is to be poured 
into the top of the barrel before using the pump. This would male 
the piston moye air-tight and thus help a quick working of the jump. 

144. Lift Pump—ihis type of pump is used to raise water to 
a desired height. It is only a modification of the 
common pump haying a third valve Vs (Fig. 202) 
opening upwards at the junction of the delivery pipe 
and the barrel. 

Action—To start with, suppose that the piston is 
at its lowest position and that water has already 
reached up to the top of lower pipe T after some 
initial strokes, 

During the wp-siroke, as the piston is raised, the 
valve Vi opens due to the partial vacuum created 
above i& within the barrel, while due to the excess pres- 
sure at the top part of the barrel, the valve Va remains 
pressed. As air within the cylinder above Va is com- 
pressed, the valve Vs is opered and air escapes through 
the pipe into the atmosphere. At the seme time, there 
is a fall of pressure inside the barrel and water rises, 

During the down-stroke, the pressure inside increases 
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‘aud the valve Vi becomes closed, while the valve V, opens and the 
water passes through the hole of this valve into the space above the 
piston. During the next up-strokz, a fresh quantity of water is drawn 
into the barrel, while the water above the piston opens the valve Vs 
and passes into the pipe ahove. As the strokes are repeated, more 
and more water ii forced up the tube through the valve Vs. 


I; is evident that during the down-stroke of the piston the valve 
V, supports the weight of the column of water within the pipe above 
and so relizves the valve Va of this weight during this period. Using 
this pump water can be raised to any height, provided the different 
parts of the pump are strong enough to bear the force caused by the 
weight of water above. It is important to remember that since the 
collection of water wiihin the barrel depends upon suction, the barrel 
must be so placed as to be within 34 ft. from the water surface of 
the source, 

145. Forea Pump—tit consists of the strong barrel AB (Fig. 208) 
fitted with an air-tight solid piston P and provided with a pipe at 
tho bottom, which dips into the reservoir of water 
There is a strong valve C opening upwards at the 
junction of the barrel and the suction pipe. An 
outlet pipe E is fitted to a side close to the 
bottom of the barrel and at this junction there is 
another strong valve D opening into the pipe. Tt 
also works under a similar principle as a lift 
pump. 

Action -As the lower pipe by the first few 

strokes is exhausted of air, the level of water 
reaches the valve O. During the next up-stroke of 
the piston, pressure inside. the barrel falls, the 
valve D remains closed by the atmospheric pressure 
while the valve © opens and water is forced into W 
AB. During, the down-stroke the pressure inside St 
AB increases, the valve O closes while the valve D Fig. 203 
opens and water is forced up into the tube DE. 
Thus during each sucsessive wp-stroke, 9 quantity of water rises into 
the barrel, while the valye D remains closed due to the back pressure 
of the water within the pipe E; and during each down-stroke, the 
water is forced iato the outlet tube, the valve C remaining closed. 
Like the, lifs pump, this instrument also can raise water to any 
height, depending on the strength of the machine and the force 
applied at the handle. Here also the output in intermitient, water 
flowing out during the down-strokes only. 

Arrangement for Continuous Flow—The ou'put of a liquid in a 
pump can be made continuous by having an air-chamber R (Fig 204) 
into which outlet the tube directly passes. Te delivery tube leads 
jnto the chamber at its upper portion and reaches nearly the hottom 
of the chamber, while the upper end of the tube leads to the 
required height. 

Action—During the up-stroke, the water rises into the barrel 
while the valve © at the bottom of barrel ramains open, the valve 
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ining closed. During the down-stroke, the pressure inside 
E E the valve © becomes closed, while the valye D opens 
and water is forced into the chamber R. If the pump is raj idly 
worked, then during the down-stroke along with the discharge of 
water from the delivery tube, some water collects iato the chamber, 
so that the a/r in R is compressed. During the upwerd stroke of 
the piston, the valve D remains closed ; but the compresced air im 
the chamber R expands and thus forces the water to flow out of the. 
delivery tube. Thereby a continuus ficw of water may be meintained. 


Fig. 204 


Double-barrelled Pump 
—This is used io produce a Fig. 205 
continuous stream of water E 
at a place at any height or at any distance from the source of water. 
In the earlier type, a continuous flow was maintained with the help 
of an air chamber, as just described. In the present form, it consists 
of two force pumps, the barrels of which are connected to a common 
air-chamber (Fig. 205). Both the pumps then draw from a ccmmon 
reservoir. When the piston in one moves down, that in other moves 
up and vics-rersa, The delivery tube is fitted to lateral aperture in 
the air-chamber. The action of the piston is likely to stop momentarily 
at the time of reversal; bub the continuity of the flow is maintained 
by the air chamber. Of such a pump the latest type is operated by 
a petrol motor or electric power. A double-barrelled water pump is 
often used by fire-fighters and they call this machine a Fire Engine 
Example: 


Water is pamped up from a well through a height of 30 ft, by means of a 

5 H. P. motor. It the efficiency of the pump is 85%, find in gallons the 

quantity of water pumped up per minute, (One gallon of water weighs 10 Tb) 

[Gau. U.— 1952] 

Ans, Sinco 1 H. P.=33000 ft. Ib. of work rer minute, a 6 H. P. motor can 
do 185000 ft, lb. of work per miuute on the pump. 

But work done by the pump 

work done on the pump 


^. work done by the pump="85 x 165000 ft, 1b,=140,260 ft, Ib, 


=the efficiency of the pump=8%= 55. . 
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Let z be the number of gallons of water raised through 30 ft. in one minute 
by the pump. Then work done-10zx 30 ft. Ib. : 
or, 300:—1,40,250 whence 7=467'5 gallons per minute, 


146. Siphon—It is used for transferring a 
liquid from one vessel into another when the 
whole mass of the liquid is not to be disturbed 
or when the ordinary method of pouring the 
liquid is not convenient or desirable. 


The siphon consists of a tube CB usually 
of glass (Fig. 206) with two open ends bent 
down and with one limb longer than the 
other. The tube is first filled completely with 
the liquid to be transferred. The method of 
filling liquid for sn ordinary glass siphon is 
to invert the tube and pour liquid into it. 
Then temporarily closing both the ends with Fig. 206 
fingers, the shorter limb is introduced into the liquid contained in 
the vessel A, while the longer limb projects outside into another- 
vessel with its end below the level D of the liquid. On now opening 
the’ ends, the liquid at once begins to flow out through the longer 
limb in a continuous stream, For a siphon, which cannot be moved, 
first filling of the liquid is made by temporary suction. 

Principle of Action—The start of the flow may be explained 
in the following way: Let O and B two points on a horizontal 
plane in the upper part of the tube and A, D the levels of liquid 
in the vessels. 

Let the atmospheric pressure at the time=P ; 

verlical heights of O and B above D and A respectively = h and h 

density of the liquid ia the vessel= p. 

Then static pressure at C=P—hpg and that at B=P—-h’pg. 

Now as h is greater than h', pressure at Bis higher than pressure. 
at OQ. Hence, the liquid begins to flow from B at a higher pressure 
to C at a lower pressure. Due to the motion of some liquid from B a 
partial vacuum is created at that region and fresh liquid is forced up 
to B by the atmospheric pressure. Thus a continuous flow is main- 
tained the shorter limb of course remaining under liquid. In case 
the end of the longer limb dips below a liquid, h’ is measured from 
the surface of the liquid D in the vessel. When the liquid is in 
motion, the pressures at B and O slightly change, although the former 
remains higher than the latter (Vide Hydrodynamics Vol. II). 


Conditions for the Working of a Siphon— 


(1) The level of the liquid in the vessel to emptied must be 
higher than that in the other. For when h=h', the pressure at O= 
the pressure at B and water will not flow from B to C. Hence; the 
siphon ceases to work when the levels of the liquid in beth tke 
vessels become equal. 


(2) As atmospheric pressure forces up the li;uid into the shorter 
limb, the height h’ of the top of the siphon above thel iquid in the 
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wessel to the emptied must remain less than the height of the 
corresponding liquid barometer. 

(8) The siphon will not work in vacuum, as no atmospheric 
pressure exists there- 

147. Applications of Siphon—A siphon may also be used to 
produce an intermittent flow of a liquid. This is illustrated in the 
following cases :— 


Tantalus Cup—li con- 
sists of a cup in which 
a siphon is; placed con- 
cealed within the bust of 
a man, representing King 
Tantalus ( Fig. 207). The 
siphon is so placed that 
its bend is just below the 
level of the lower lip of 
the figure. The shorter 
limb ends near the bottom 
of the cup, while the 
longer limb just passes 
out. As water is poured 

Fig. 207 Fig 208 into the cup, the level 
gradually rises bo'h in the cup and in the shorter limb. As soon as 
water reaches the top of the bend and is about to reach the lips, 
i; begins to flow out. If the supply of water is then stopped or if 
ib flows out at a rate faster than that at which it is supplied, the 
-water level gradually sinks into the cup until it goes below the end 
of the shorter limb. The siphon now empties itself and ‘the action 
stops. If water is supplied sgun, the same process is repeated. 
Water, therefore, never reaches the lips of Tantalus, thus keeping 
him as thirsty as ever. R 


Automatie Flush—The principle of a siphon is also utilised in 
automatic flushes often fitted in public latrines, etc. A siphon is 
fitted inside a tank and the longer limb passes out (Fig. 208) A 
stream of ‘water flows into the tank and its level gradually rises. 
Ultimately when the level of water reaches the bend, the siphon begins 
Xo work and water flows out in a powerful gush till the level goes 
‘below the open end of the shorter limb, The ordinary flushing 
‘arrangement of bathroom is also a modified form of automatic flush. 


Example : 


A tali cy'inder 90 om. in length is full of mercury. What is the greatest 
“depth of it which can te emptied out by means of siphon, the barometric height 
being 756 mm. of mercury ? [P. U.—1924] 

Ans. The siphon can work till the height of the mercury column in the 
shorter tube atove the mercury surface is not greater than 756 mm. Hence 
‘placing the bend of the siphon on the upper edge of the cylinder, mercury can 
be moved from the cylinder to a depth of 756 mm. 


*148. Water Jet Pump or Filter Pump—This is one of the 
simplest forms of an air-pumv made ordinarily of glass. The appa- 
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ratus consists of a glass tube T fused into a bigger jacket tube. The 
tube T endsina nozzle J. The jacket tube is 
provided with a side tube C. Just against the 
nozzle, there is a funnel-shaped glass tube R 
which is led out through the bottom of the 
jacket. The side tube C (Fig 209) is connected 
with a rubber tubing to the vessel to be 
exhausted, while the end T is also connected 
by a rubber tubing to the water mains, the 
pressure of which should remain constant. As 
a strong jet of water is forced out of the narrow 
mouth of nozzle J at a very high speed, it 
entangles some of the ai- surrounding the narrow 
nozzle and carries it down the tube due to 
viscous friction. A partial vacuum is thus 
produced and soair is sucked from the vessel 
connected to it. The filter pump may produce 
& pressure only as low as 7 mm. of mercury 
and it is therefore not used when good vacuum 
is required. Is is however very simple, 
economical and convenient requiring very little 
attention. Fig. 209 

A modified form of pump, known as Sprengel pump, had its: 
origin from the principle of suction of a jet pump. This modified. | 
pump was devised in 1865. Mercury is allowed to fall through a- | 
delivery tube in drops being controlled by a pinch cock. From near" | 
the top of the tail tube, a side tube is connected to the receiver which. | 
is to bo evacuated. By thi; means, as drops of mercury trickle | 
down, small quantities of air entrapped between successive drops aro- 
continuously swept out. With proper care and modification a Sprengel- 
pump is capable of producing a pressure of 1074 mm. of murcury. 
Sir William Crookes (1832-1919) used such a pump in his memorable | 
investigations on radiometers and discharge tubes. 


149. Air-Pump (or Exhaust Pump)—The first mechanical air | 
pump was constructed by Otto yon Guericke (1602-1686) in 1650. | 
The air-pump consists essentially of cylindrical metal barrel AB 
(Fig. 210), provided with an air-tight piston P, which can be moved 
up and down by means of a suitable handle, The pipe at the bottom) 
connects the barrel with a vessel called the recsiver R from which air 
is to be exhausted. The receiver may be well-greased and fixed air. 
tight on a flat circular dise EF, called the plate of the pump. Theres 
js a valve V in the piston and another at the junction of the barrel 
and the pipe both of which open into the barrel. To indicate tho 
pressure within the receiver a manometer may be attached to the pipe 
connecting the receiver and the barrel through side tube M. 

Action—Let us start with the position at its lowest positioya. 
During the wp-stroke, as the piston is drawn up, the valve V is closed 
due to excess pressure at its top. The air in R in expanding opens 
the valve a and enters the barrel, During the down-stroke, the shir 
in the barrel below the piston is compressed. The inside presstire 


Pt. I/6—15 | 
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therefore increases. Due to this valve a become closed. When the 
inside pressure becomes greater than the atmospheric pressure, the valve 
V is pushed open and the air inside the barrel goes above the piston, 


pas) 


During the next wp-stroke, the 
valve V is closed due to the excess 
pressure outside. A partial vacuum 
is created between the piston head 
and valve a, and so the air remaining 
within the receiver again expands, 
opening the valve a. A fresh 
quantity of eir from ‘the receiver 
now fills the barrel. Thus during 
each up-stroke the barrel is filled 
with some amount of air from 
the receiver, which is let out during 
the next up-stroke. As the opera- 
tion is repeated, the receiver gets 
exhausted more ane more. This 
goes on, till the pressure of the 
air left in the receiver bocomes too 
weak to open the valve a. The 
limit of exhaustion attained by the 

instrument is then reached and any further evacuation stops. 

Degree of Evacuation—The pressure and the density of air 
within the receiver continuously fall off as the pump is worked. 
The following calculation shows how pressure ard density change 
with the number of strokes 

Let the volume of receiver, including that of the pipe C=V 

* Volume of the karrel between extreme potitions of piston =v 

and density of air initially in the receiver = p 

At the end of each up-stroke a volume V of air expands to occupy 

‘a volume (V--v) and is thus reduced in density. Let the density of 
the air at the end of the first up-stroke be pi. 

Then, Vp -(V * »)p,, whence e:-( M Jo. 

V t v 
At the end of the next down-stroke the air in the barrel escapes 
æ bove the piston through its valve and a quantity of air of volume 
V7 and density P; is left in the receiver. At the end of the second 
u p-stroke, thisair of the receiver expands to a volume (V +v) and 
tk iereby becomes reduced in density to pe say, 


Then, Ve. =(V + -(~) -( Yy 
pi =( DI when ps VET BE VET Pp. 
ý Proceeding in this way, it can be shown that density of air left 
in the receiver after m strokes is given by,— 
n 
es" (FO) p: s (149,1) 


-It the temperature of air within the receiver remains constant, 
Boyle's law holds good and the pressure becomes proportional to 
t 


Fig. 210 Air Pump 
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density. Se if P be the initial pressure of the gass in the receiver 
and P, be the pressure of the gas lef; in the receiver after n 
complete strokes then, 


P,=(—)"p 
= 
»=(~) (149,9) 
From mathematical stand-point, since V/(V +v) is a quantity less 
than unity, the higher is the value of n, the less beccmes the value of 
the powered quantity of eqn. (149.2), but it can never attain a zero 
value. A high degree of evacuation can, however, be attained with 
a good pump after a sufficient number of strokes. But in fact, with 
a mechanical air-pump, as described above the valves become more 
or less leaky at lower pressures. Moreover the valves have some 
weight and at a certain stage of lower pressure, the air pressure of 
the receiver is unable to open the first valve. It is at this stage 
that any further evacuation by the pump ceases. 

Examples : 

1. After four strokes the density of the air in the receiver of an air pump is 
found to the original density the ratio of 256 to 625, What is the ratio of the 
volume of the barrel to that of the receiver ? [O, U.—1953) 

Ans. Let ur volume of the deasiver and that of the barrel be V and v. 

256 4 Let i 
hen 299 = =$, - 

thon du (740) EX ro pa oy eg 

2, The barrel of an exhaust pump has half the volume of the receiver to be 
evacuated. Find the pressure in the receiver after 4 complete strokes, if the 
original pressure was 76 oms. of mercury. [Mys. U,—1953] 

Ans. If Pn be the pressure of air in the receiver ‘after nth stroke, V and v 
the volumes of the receiver and tho barrel of the pump, then neglecting the volume 
of the communicating pipe and assuming the starting pressure to be P, 


p») P= (Way) x 16«(5)' X 167 15 cms, of Hg. 


3, The volume of the receiver of an air-pump is 1250 c.c. and that of the 
barrel is 260 c.c. If the original density of the air in the recelver is 0'001298 gm. 
per o.o. find the density after 10 complete strokes. Find also the mass of air 
removed from the receiver. 

Ans, Let the density of air in the receiver after 10 strokes bec p, 


Then p- (ie) x 0001293 = Oi x 0'001298 = "83330 x 0°001293, 


'=10 log '8338--log 0'001393 
ke psc Eiis- £8166, whence p'« 00003087 gm c.o. 
Bo the required mass = 1250 x (0'001998 — 0°00208) gm. = 1:856 gm. 

150. Guericke Pump—An improved piston type of an air-pump 
consists of a barrel © with a side tube E (Fig 212). The tube 
communicates with the barrel through number of port holes P.P. 
The piston L is provided with an oil velve at the bottom and is 
screwed rigidly with a rod D. This rod passes through a valve R 
and is connected to a lever, by which motion may be imparted to the 
piston. In some apparatus as shown in Fig. 213, the piston rod is 
connected externally to the flywheel W through a crank and by 
rotating the wheel a continuous up-and-down motion of the ;iston 
may be obtained. The junctions are made air-tight with a thick 
layer of heavy oil press:d on the piston and on th» valve R. The 
valve R is kept pressed downwards by a spring HH (Fig. 212). 
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The receiver is 
connected to the 
inlet pipe E. When 
the piston is at the 
bottom, the air 
within the receiver 
expands into the 
barrel through the 
port holes. But 
when the piston is 
raised up, the air 
wit-in the barrel is 
isolated from the 
receiver and this 
air is gradually 
compressed till at 
the topmost posi- 
tion the piston 
pushes up the valve 
to make space for 
air to escape. 
d When the piston is 

Fig. 218 moved down a bit, 
the spriag closes the valve A and the space within the barrel is 
cut off from atmosphere. Whon the piston is at the lowest position, 
the air with the receiver again finds i.s way 
into the barrel through the port-holes. In this 
way by the continuous up and down motion 
of the piston, air is intermittently taken out of 
fhe receiver In a good workiug condition 
and with sufficient speed, this type of pump 
can bring down the pressure of the receiver 
to about 1 mm. of mercury. 

*151. Teopler pump—The apparatus 
originally designed by  Teopler in 1862, 
consists of glass bulb B to the ends of which 
two vertical barometer tubes F and G, each 
about 82 inches long sre connected ( Fig. 
214). The tube F is narrow and of about 
1 millimetre bore and its lower end, wnich 
is usually bent upwards, is dipprd into 
mereury contained in a vessel K. Tho wider 8i 
tube G has got a bend at its lower pari 
and is connected to a short piece of glass 
tubing T. One end of stout pressure 
tubing is connected ta the base of this 
short tube while its other end is connected 
to a reservoir M containing mercury. A 
side tube connected with the bulb B and Fig. 214 
O leads to the raceiver R through enlarged part in which a small 
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glass bead L acts asa valve by not allowing mercury to run into the 
receiver. In origiaal Teopler's machine there was no valve but the 
part CH was a vertical tube of glass of length of about 22 inches, 
‘This attachment made the apparatus about 8 ft. in height, but the 
provision of ‘the valve has made the apparatus sbout 5 ft. in height 
with a greater cise of operating the machine. The receiver is connec- 
ted very carefully with leak-tight pressure tubing N. 

At the start the receiver, a part of the tube G, the bulb B and 
the whole of the tube D are full of air at atmespheric pressure. The 
receiver M is gradually raised when the mercury level in G građu- 
ally rises slowly compressing air at different parts of the apraretus. 
When M is raised to such a height that the mercury level enters the 
tube B and is just above the point O, then the air within the recei- 
ver R is cut off from the sir within B. On now rvisirg the receiver 
still higher, the glass valve L floating on mercury closes the passage 
to the receiver while mercury level in B rires and forces sir to pass 
‘o the atmosphere throvgh the mouth U. Actually mercury is ellcw ed 
to run down through F to drive off last traces of rir in this rezion. 

The reservoir is now lowered when the mercury level in B ccmes 
down to leave a vacuous space in it. When the level of mercury 
comes below O, the air within the receiver expends to fill the vacu- 
ous space in B. Again the reservoir is raised to cut off sir in B end 
this air is ultimately driven out of U by raising the reservcir suffici- 
ently. Thus the lowering of mercury level below C establishes a 
communication between B and R, ard a part of the air expands in- 
to B and by raising tke level of mercury to the extent that mercury 
falls through the tube F, this air is expelled to the atmosphere. Thus 
with a continued operation, more and more air frem the receiver is 
discharged to the atmosphere and to the pressure within the recei- 
ver lowers down. The mercury in G lays the role of an air-tight 
piston, while mercury in the tall tube F plays the part of the valve 
in not allowing atmospheric air to enter the bulb A. As there is an 
interr ittent stream of mercury running down ibrorgh the tell tube, 
mercury gradually collects within the vessel K and las to be poured 
back into M from time to time. It is a very satisfactory type of 
pump, as we can get a good vacutm with it. But the action of the 
pump is very slow. Lord Rayleigh (1842-1919) stated that he required 
the whole of the morning !o evacuate a receiver of capacity 2 litres to 
a sufficient degree. However slow might be the operation, fhe pump 
is capable of producing a pressure of the order of 10^* mm. of 
mercury or even less. 

152. Rotary Hyvac Pump—This type of the pump, originelly 
designed by Gaede in 1807 depends for its working upon a continu- 
ous rotation of a cylinder within a suitable chamber (Fig. 215). The 
instrument consists of a hollow cylindrical body of iron having two 
openings near each other at the top, Of these, the ore, called the 
inlet port I, is provided with a ripe projected vertically upwards 
which can ba connected with a rubber tubing to the vessel to be 
evacuated. The other, called the outlet port O, is provided with a 

valve such that any gas contained within the cylinder may escape 
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but nothing can come within. The two ports are located on either 
side of a movable air-tight partition S kept pressed by a lever Land 
a spring. The solid cylinder within the hollow cylinder is rigidly 
fixed to a shaft and can be rotated eccentrically about an axis, With 
the revolution of the inner cylinder, a rotatory contact is maintained 


Fig. 215 Fig. 216—Rotary Hyvao Pump 


between the solid and lollow cylinders and the vane is always kept 
pressed on the inner cylinder. The complete picture of rotary 
pump is given in figure 216 in which there are two pumps side by 
side, working on the same shaft and enclosed within a rectangular 
metal box. 

The principle of action of the instrument is as follows. When 
the solid cylinder in course of rotation occupies the position as shown 


Fig. 218 Fig. 919 Fig. 220 


in Fig. 217, it closes the outlet port and the inlet becomes just open. 
The gas from the receiver expands within the crescent-shaped space 
M. The next stage is stown in Fig. 918 when the expanded gas is 
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ejected from the receiver into the space M. At the third stage, the 
cylinder gradually comoresses the gas within the diminishing space, 
and also allows air from the receiver to fill in the space N (Fig. 219). 
At the fourth stage of operation, all entrapped gas is pressed out 
through the outlet port (Fig. 2:0). Thus with continuous rotation, 
the gis is gradually transferred from the receiver to the outside atmos- 
phere. Tho whole apparatus is immersed in machine oil in a reetan- 
gular metal box B so as to make it air-tight from atmospheric air. 

It is evident from the principle of pumping that with each revo- 
lution of the shaft, the amount of gas in space M is forced out 
into atmosphere. So it is not possible to make the receiver absolute- 
ly vacuous, but the limitation of pumping depends upon the pres- 
sure acting on the valve at the outlet. If the pressure outside the 
valve is the atmospheric pressure, 88 in the case when single pump 
is worked, it can evacuate a receiver up to a pressure of 107? mm. 
of morcury. But if the pressure outside the valve is kept lower than 
the atmosphere the degree of evacuation is much higher. For this 
reason & two-stage pump is frequently used. The first pump or the 
fore-vacuum pump creates a pressure of 107?mm. of mercury just 
before the outlet of the second pump which is connected to the 
receiver, Such a two stage pump as shown in figure 216, can eva- 
cuate down to pressure of 10~* mm. of mercury. 

Units fo: Low Pressure—Since any rough suction pump is able . 
to evacuate a receiver to a pressure less than that due to column 
of mercury of height of 1l cm. it is customary to denote such a 
pressure in terms of height of mercury in millimetres. Thus one 
millimetre height of mercury corresponds to a pressure about 1333 
dynes per sq. cm. taking density of mercury to be 13°59 at 0°O and 
97980'8 O.G.8. units. Moderately low pressure is measured in 
terms of micron (^) of mercury which is 107?mm. of mercury (1°33 
dynes/sq. cm.) and very low pressures are mensurad in terms of a 
millimieron (uu) which is 10 5 mm. of mercury. For example, a 
press ire of 000931 om. is equivalent to a pressure of 31 44 of mercury. 


#153, Vacuum Brake System—Air pressure is conveniently 


Fig. 221—Vacuum Brake System 


utilised to arrest the motion of automobiles whenever necessary. 
Fig, 221 represents a vacuum brake system sometimes employed in 
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railways and tram cars. Stout curved pieces of steel called brake 
shoes S are fixed near the rim of every wheel with a very small 
clearance between them under normal condition. These shoes can 
be operated by system of levers L and M and ean be pressed hard 
on the wheels. The mechanism of action of the levers is as follows: 

The chamber C, known as the vacuum chamber is normally placed 
under the carriage. There is a piston P dividing C into two compart- 
ments. A ball valye V fitted at one corner of the piston (shown 
enlarged in Fig. 222) allows air to pass fiom the upper to the lower 
compartment but not in the reverse direc.ion. The piston moves over 
a rubber ring G and is so. air-tight. The lower compartment is 
connected to a system of pipes TT running through every bogey 
composing the train. This pipe is called train pipe. One end of 
this air pump fitted at the engine, When the pump of the engine 
is worked continuously, a partial vacuum is produced within both 
the compartments of the vacuum chember of every togey. The weight 
of the piston and its accessories is sufficient to lower the piston P 
down. A downward displacement of the end M of piston rod causes 
the end O of the lever to move to the left side and to make the 
wheel free from brake pressures, 


The valve E (Fig. 221), connec'ed with the train pipe can le 
opened by pulling a chain provided within the bogey, called the 
alarm chain. When the alarm chain is pulled the va've E is forced 
open and immediately the l;wer compart- 
ment of the vacuum chamber is filled with 
air pressing the piston up. The upward 
motion of the piston works the lever in 
the opposite direction forcing the brake 
shoes on the wheels. For an indication, 
a flat Lar is coupled with the chain in 
d every bogey and this bar projects out 

Fig. 229 when the alarm chain has been pulled. 

$ Once the alarm chain is pulled from a 

train, it takes sometimes to re-evacuate the chamber before the engine 
ean start again. A small displacement of the end of the lever O to the 
right pulling the lever rod L for brakes to work is also shown in figure. 

The Westing House automatic brake, similar in principle, works 
by compressed air which pushes the piston up when a valve is 
released. Air is compressed under high pressure in a reservoir under 
the engine and this reservoir is connect d to the train pipe through 
@ valve. The opening of the valve fills the lower compartment of 
the chamher O with air at high pressure raising the piston and 
pressing the brake shoes on the wheels. To release the brake another 
valve is opened and the compressed air escapes to atmosphere lower- 
ing the piston. The usual hissing of the electric trem cars at the time 
of stars is due to the escape of compressed air to the atmosphere 
through the release valve. In motor cars, there is a hydraulic brake 
system which has proved very efficient. It works on the principle of 
hydraulic press system which converts a small force into a large force 
by the displacement of a liquid from a narrow pipe into a large pipe. 
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154. Condensing or Compression Pump—This is used for com- 
pressing eir into a closed vessel called the receiver, It consists of 


barrel AB (Fig. 223), provided 
with an air-tight piston P, 
which can be moved in or out 
by suitable handle. The end 
of a barrel may be connected 
troue a stop-cock to the 
vessel into which air is to be 
compressed. The stop-cock is Fig, '228—Compreasion Pamp 
closed when the required degree of compression has been attained.: ; 
Tho piston and the end of the barrel are provided with valves E and 
F both of which open towards the receiver. 

Action—Let us start with piston at the end of the barrel towards: 
the receiver. As the piston is drawn out during the backward stroke, 
the space between the valves E and F increases, so that the pressure 
therein falls, The valve F is immediately closed owing to the excess 
of pressure of the air in the receiver. The atmospheric pressure 
opens the valve E and the barrel is filled with air at the atmospheric 
pressure. 

. As the piston moves inward during the next forward stroke, the 
air within the barrel between the valves is compressed. The inside 
pressure becomes higher than the almospheric pressure when the 
valve E is at once closed. When the pressure within the barrel 
becomes higher than that of air in the receiver, F is pushed open 
and the air in the barrel is forced into the receiver. Thus at the end 
of each outward stroke, the barrel is filled with some air at the 
atmospheric pressure, which during the next inward stroke, is forced 
into the receiver, Therefore the density of air within the receiver 
becomes higher and higher with number of strokes. 

Degree of Compression—The density and pressure of air in the 
receiver after a given number of strockes can be calculated in the 
following way : 

Let the volume of the receiver with that of the connecting tube =-V 
‘Volume of barrel between extreme positions of the piston * v 
Density of atmospheric air at the time =p é 
Suppose the air in the receiver has initially the same pressure 

and density as those of atmospheric air. It is evident thet at the 

end of each forward stroke a quantity of air of volume v and of 
density p and so of mass vp is forced into the receiver. 


Now mass of air initially within the receiver = VP 
Mass of air forced tnto the receiver by n strokes =nvP 
total mass of air in the receiver after m strokes- VP vp 
As the volume of the receiver remains equsl to V, let p, be the' 
density after m strokes. Then 


Ven=Vetnvp, whence mam (t im) (154,1) 


234 INTERMEDIATE PHYSICS CHAP. XII 


The foroing of air within the receiver raises its temperature a 
little higher. After waiting for somewhile the temperature is brought 
down io tiat of surrounding. At this stage Boyle's law holds good 
and so the pressure is proportional to the density. Hence, if the 
pressure of air initially in the receiver be P and that of the air 
inside after n strokes be P, then, 

Py=(1+2)p (154,3) 

If the air in the receiver was initially at the atmospheric pressure, 
then the presiure of the air inside after n strokes is 


Pa" (1 + 2) atmospheres, 


155. Different uses of a Condensing Pump—The ordinary 
football inflator (Fig. 224) is a common example of condensing pump. 
Within a barrel works a piston N connected with the rod R to the 
‘handle H. The valve at the piston head is replaced by a cup-shaped 
‘desc of leather, called cup valve or washer. The piston disc is a 

` Tittle smaller than the barrel of the pump. Daring the inward stroke, 
the washer expands due to the compressive reaction of inside air and 
fits air-tight within the barrel. When the pressure of the compressed 
‘ir within the barrel becomes higher than the pressure within the 
receiver, a light ball valve V at the nozzle of the pump moves to the 
tight to make room for air to pass into the receiver. A perforated 
diaphragm D doss not allow the ball valve to move too far, During 


— ÎR D 
H um N 
t v 
Fig. 994 Fig. 295 


all the time of the inward stroke, air from outside enters into the 
"eft part of the barrel through the port hole of the handle. Duriag 
‘the outward stroke (Fig. 225), the volume of the enclosed air within 
the receiver in trying to expand forces the ball valve to sit eir-tight 
into the conical hole and so the entrapped air cannot leak out. The 
space between the piston and the nozzle becomes partly vacuous. 
The atmospheric air then forces its way through the sides of the 
washer filling up the space. For the next inward stroke, some air 
4s again forced into the receiver. 

Figure 226 shows a bicycle inflator, which is essentially the same 
‘a3 a football inflator, but instead of a valve at the nozzle O of the 


R G 
H B AW R''E 7. 


Fig. 226 Fig, 227 


pump there is a separate attachment of an air-tight valve-tube as 
shown in figure 227. The compressor as usual consists of cylindrical 
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barrel B, in which works a piston N with its leather washer W, a 
fixing dise G and the pi:ton rod R wish its handle H. The nozzle 
is provided with a screw thread to which the screw cap of a short 
rubber tubing can be fixed air-tight. The other end of this tubing is 
screwed to the end O of the valve tube permanently attached to the 
tube of the wheel. The valve tube (Fig. 227) consists o! & narrow 
metal tube U closed at the extreme end and haying an opening E 
at its side. It is preserved in an outer metal casing T. There is a 
rubber cylindrical jacket R covering the valve tube. 


When the pressure of the compressd air forced by the pump into 
the space around O exceeds that on the other side of the rubber 
cylinder, the flap of rubber at the opening E is raised up and air 
is admitted iato the tube. But when the handle H is drawn out, the 
pressu ʻe around O falls and air from the tube of the wheel, in an attempt 
to force its way through E, tightly presses the gap on the hole and 
closes the opening. Hence, with a continued operation of the handle, 
more and more air is pumped iato the tube. This inflated tube rests 
within a thick Indi» rubber tyre called the Pneumatic tyre. The 
compre sibility of the enclosed air helps the wheels to pass undevia- 
tad over obstacles; while due to the expansibility of air, the tyre 
regains its original form after being depressed. 

Air Cushion—This consists of a hollow bag of rubber shaet with 
a small mouth at oae side fitted with a stop-cock. By means of a 
condensing pump air is compressed into the bag to the required extent 
when stop-cock is closed. Owing to its compressibility and expan- 
sibility, the enclosed air serves as the cushion, An sir-gun may be 
regarded as a condsnsing pump without any valve. By a mechanism, 
the air in the barrel is suddenly compressed, This air is being 
released works upon a spring which throws out the shot. 

Oil-S:ove—In stove and various lamps in which oil vapour burns, 
the oil pot is designed to leave some space above the oil level. A 
small condensing pump P is fitted 
with the pot (Fig. 228). There is an 
air-tight key K, which can keep air 
entrapped within the pot when neces- 
sary. Air being pumped into the pot 
bubbles through the oil and is stored 
at its upper part. The pressure of 
air forces the oil to rise along the 
pipe N to the jet-tube J. There is 
coiled wire gauge within the tube, 
through which the oil has to run up. 
It this wire gauge is sufficiently heated 
before the first circulation of oil, 
then the oil in course of reaching the Fig, 298 


jet is converted into vapour. Tae oil . Fils 
vapoir rebounds at the burner B and circulates within the funnel. 


The heat of the burner is sufficient to ignite the vapour which burns 
at its mouth. Compressed air is used in spray painting, in driving 
boring machines, propelling torpedoes, ete. The Soda-water machine 
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is practically a condensing pump, Carbon dioxide gas is taken from 
the reservoir in which it is generated and then forced into a bottle 
contaiving water. This gas is absorbed by the water, which is said 
to be aerated and this water is called soda water. All the machines 
described in this Article work on the principle of utilisat'on of the 
power of air. 


Diving Bell—It is used to enable a diver to go down toa great 
depth under water to lay the foundation of pires or do some such 
work there. It consists of a heavy cylindrical or 
bell-shaped iron yessel A with rigid walls, closed 
at the top and open at the bottom (Fig. 299) 
There is a platform attached inside the bell on 
which the worker can take his seat. It is lowered 
into water by means of chains C with the open end 
downwards and it sinks under its own weight. 
The sir inside is compressed and water rises slowly 
inside. Thus taking the height of the water !aro- 
meter as 34 ft. the air inside the bell would be 
under & pressure of 2 atmospheres at a depth of 
34 ft, and £o its volume would be reduced to half. 
Evidently, this will be inconyenient for the workmen inside. 


Nowadays to keep down the water at a convenient level inside 
the bell and to supply the workmen freely with fresh air, air is 
pumped into the bell through the tube P at its top by a condensing 
pump above. A second tube leading frem the bell to the surface 
carries away the foul air from inside. In recent time a type of 
diving suit has been devised which can easily withstand water pres- 
sure down to the depth of several hundred feet without any dis- 
comfort of the diver. In going further lower to ocean bed, an 
improved type of diving bell, known as e Batbyscope is used. 

Examples : 

1. Tte barre) and receiver of a condensing pump have capacities cf 75 co. 
and 1000 c.c. respectively, How many strokes will be required to raise the 
pressure of the air !n the receiver from one to four atmospheres ? 

(0. U.—1945 ; Gau. U.—7959] 


Fig, 929 


Ans. Let the required number cf s'rokes be m. 


Tn) 
Then 4 (m). whence n=40, 

2. A bottle whose volume js 5CO c.c. is sunk mouth downwards below the 
surface of a tank containing water. How far must it be runk for 100 c.c. of water 
to run up into the bottle? The height of the barometer at the :urface of the 
tank is 760 mm. and the specific gravity of mercury is 13'6, 

(Fat. U.— 1948 ; Gau. U.— 1975] 

Ans. The volume of air inside the bottle when 100 c.c. of water rushes in, 
is 400 c.c. If the pressure of the air within the bottle be now P then from 
Boyle's law P x 400=76 x 600, whence P —95 oms. of mercury. 

Hence, pressure due to water=(95—76)=19 cms, of mercury 

—1/X136-258'4 cms. of water. 
the bottle must be sunk to a depth of 2584 cms. under water. 

3. The yolume of the receiver in a condensing air-pump is 10 times that of 
the barrel Calculate the number :f stokes necessary to raise the pressure of alt 
in the recelyer to 5 times that of externai air, [Utkal U.—1953] 
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Ans, If Pn b» the pressure in the receiver after nth stroke ani the atmos- 
pheric pressure is P then Pn|P=5. Again the ratio of the volume of the receiver 
to that of the barrel=V/v=10. Then from eqn. (154,3) 

Ph-s- le i whence n=number of strokes = 40. 

4. A cylindrical diving bell 6 ft, high, is lowered iato water until the top of 
tho beli is 31 ft. below the surface of water. If the height of the water barometer 
at the time be 34 ft, find to whas height water will rise into the bell, If the 


cross-section of the bell be 10 sq. ft. find how much air at atmospheric pressure 
must have to be introduced into the bell so as to keep away water from entering 


into it. 
Ans. Lot the water rise into the bell up to z ft. from the top. 
Then the pressure of the air inside is equal to that of a column of water of 


height equal to (84+381+-2) ft. =(@+ 65) ft. 
The original and final volumes of aic in the bell are proportional to 6 and z 


respectively. 

s 6X 24=a("+65) or, z* +652—204=0, whence $—9 ft. or, —68 ft. Bince a 
negativa value of z is absurd, we have to accept the positive value of z io be 8 ft. 
Original volume of air in the bell=60 cu. ft. and initial pressure =84 ft. 

When the top of the bellis 31 ft. under water and all water entering it is kept 
away, pressure of air inside =(34+31+6)=71 ft. water. 

Liot the yolamo of air introduced under atmospherio pressure=v ou. ft. 


Then 84(60+0)=71 x 90, whence v2 55:8 cu. ft. 

«159, Pressure Gauges—In order to know how much an 
air-pump can evacuate or compress air into a receiver, we have to 
use a class of apparatus which indicates the pressure of the residual 
ga within a receiver. Such a pressure m asuring device is called a 
pressure gaugs. There are various types of the instruments designed 
for different ranges of pressure 

Siphon Gauge—Ii consists of a glass tube, ABCD, one limb CA 
of which is straight while the other limb D is bent at the top and 
is connected to the receiver (Fig. 230) The U-tube is about half- 
filed with a suitable liquid such as mercury oil or " 
water and is fixed vertically to a stand fitted with 
a scale. When the pressure to be measured is either 
a little above or below the atmospheric pressure, the 
end A is kept open. If the pressure, within the 
receiver is equal to the atmospheric pressure, the c 
column of liquid has at its end the same pres;ure 
and hence the free surfaces of the liquid within the B n 
U-tube are at the same level. But if the pressure 
within tho receiver becomes higher, it would push 
down the level at D causing the other levles at C 
to rise up. If, in the steady condition, the difference 
of level in O and D be h cm. as recorded by the Fig. 980 
goale attached, then from the law of hydrosatic pressure— 

Pressure within receiver=h pg + atmospheric pressure ; where the 
density of liquid used is p and acceleration due to gravity is g. 

Thus the difference between the gas pressure and atmospheric 
pressure is proportional to the difference of the levels. When the 
gas pressure falls below the atmospheric pressure, the level at D goes 
up and © down, the difference of the pressure being also hpg. 
For a given difference of pressures, hpg would be constant and hence 
lighter is the liquid used, the larger would be the difference of 
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levels, Thus a lighter liquid is more convenient to measure a small 
difference of pressures. 

When the pressure to be measured is high, Say up to 5 or 10 
atmospheres, the limb O is closed at the top and the part AQ 
contains som? dry aic. As the pressure within the receiver ig 
inc.easel the lijuil level ia D is depressel and that in C is forced 
up, so that air enclosed between AOC is gradually compressed, When 
the temperature remains fai-ly uniform and assuming that the Lore 
of the part AC is uniform, we can apply Boyle s law to the resulting 
pressure. If the length of the air column in AC is Z, when the two levels 
are same under atmospheric pressure P and if the length of the 
column conracts to la under a pressure Pa then from the Boyle’s law 


Pala= Pili, whence Pg =P, ...(156,1) 


2 

If, at this stage, the difference of levels of the liquid be A, then 
the gas pressure within the receiver Pa +hpg. For example, suppose 
that mercury of density 13°59 gm./c.c. is used as the gauge liquid and 
1, is 30 ems. If on connecting the receiver le becomes 8 cms., then 
the pressure P, within the closed end ia 30+8=3'75 atmospheres, 
If the barometer shows the atmospheric pressure to be 7514 cms, 
of mercury, then Pg=3'75*75'14 cms.=281'775 cms, of mercury, 
If now the difference of the levels of the mercury column be 43°12 
cms, then the gis pressure within the receiver is 281°771+43'19= 
324'895 cms of mercury. 

McLeod Gauge—This pressure gauge was designed by McLeod 
in 1874 and is used extensively in measuing very low pressures 
which are far beyond the scope o a Siphon gauge. The apparatus 
consists of a closed top calibrated gl ss capil!ary tube B of about 
“6 mm. bore and of length abqut 50 cms, fixed at the top of a 

cylindrical glass bulb of capacity 200 c.c. to 500 
D c.c. (Fig. 231). The bulb at its lower end is 
con ected by a uniform gliss tube extendirg up to 
E. Another capillary glass tube with Open end at 
D is ccnnected just below the cylindrical glass bulb 
and is about a metre in length, The two capilla- 
ries run vertically alongside a metre scale ( not 
shown in the diagram ). A rubber tubing is connected 
at E and its other end is in communication with a 
mercury reservoir F. The reservoir can be placed 
at any height by suitable clamping arrangement. 


Tce end D is connected to the receiver whore 
pressure is to be measured and so long as the 
receiver is not atiaining a uniformly low pressure, 
the reseryoir F is lowered sufficiently, so that mercury 
level in the tube CH is below the poinit ©. At 
this stage there is a free communication of pressure 
of the receiver to the bulb and the capillaries. 
Now the reservoir is slowly raised and when the 

Fig. 218 level of mercury is above the point © the reservior 
iscut off from the Lulb, The reservoir is then raised more and 
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more till mercury fills the tube and reaches a point B in the closed 
capillary. The mercury in D would remain at a higher level simply 
because after the bulb is cut off from the receiver by the mercury 
column, any compression of the residual gas in the closed tube 
obeys Boyle's law,—pressure inside increasing as volume is compres- 
sed. But mercury within the other capillary rises against a constant 
pressure of the source, 


If V represents the volume of the bulb and the closed capillary, 
vo the volume of 1 mm. length of the capillary and a the length of 
the enclosed air column and h the difference of levels in mm. of 
mercury within two capillaries, 2? the receiver pressure in mm. of 
mercury, then remembering that at the cut off point volume of the 
gas is V and the pressure is p and applying Boyle's law we have, 


5 REREN dE 
pV-avo(p--h) or, pie en 1+ PA 
=o = havo i : 
whence p Ne aes y very approximately ... (156,9) 

Suppose that h=1 mm., avo=5 cu. mm. and V 2500 c.c. —5x 10° 
cu. mm. ; then substituting in the equation, the pressure recorded is 
1075 mm. of mercury. Pfund has constructed a most sensitive form 
of a Mcleod gauge capable of measuring pressure of 10-7? mm. of 
mercury. Very lately the gauze has been further modified to read a 
pressure of 107? mm. 

Limitation of so-called Vacuum- It is not very definitely known 
what is exactly the highest possible vacuum reached till the present 
time. With a very best type of pump and pressure gauge the lowest. 
pressure recorded to far is about 107? mm. with a flickering value 
of 1071? mm. of mercury. For a steady and continuous working of 
a pump, a receiver shows a constant pressure of 1075 mm. So it is 
safe to say that a pressure of 107? mm. is always under our control, 
We may now calculate how many molecules of the gas are still present 
per unit volume of the receiver at such a low pressure. From 
Avogadro's law of gaseous volume and from other evidences, we now 
know that at normal temperature and pressure 1 cubic cm, of a gas 
contains 8%*10*° molecules. From this if we calculate the number 
of molecules in unit volume still present at pressure of 1078 mm. the 
number comes out to be nearly 390 million. Thus perfect vacuum 
as speculated by early philosophers is still remote, 
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Reterence 

1. Why ‘sit not possible to raise water head more than 34 it Art, 148. 
ty means of a suction pump? State reasons and give calculations. 
(U. P. B—1961; Dac. U.—1959) 


9. The spout of common pump is 7 ft, above the level of water Art, 143 
ina wel The diameter of the piston is 4 inches. What is the 
force on the piston rod when the pump is working? Weight of 
1 cu. ft, of water is 625 lbs. 

Ans, 38'1 lbs.-wt. 
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Raference 
Art, 145 


Art. 146 


Art. 146 


Art, 146 
Art. 149 


Art, 143 


Art. 149 


Art, 149 


Art. 149 


Art, 149 


Art. 149 


Arts. 
149 & 154 


Art, 162 
Art, 154 


Art. 154 


Arts, 
154 & 155 


Art. 155 


Arts. 
152 & 156 
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8. Draw the sectional diagram of a force pump capable of deli- 


vering a continuous supply of water. Explain how it works, 
(Cf. Pat. U.—1965 ; Utkal U.—1952) 

4. A siphon is used to empty a cylindrical vessel filled with 
mercury. The shorter limb of the siphon reaches the bottom of 
vessel which is 45 inches deep, but 1t is found that the mercury 
osases to run before the vessel is empty. Explain this. 

(Dac. U.—1980) 


5. Explain the principle and action of a siphon. 
(Utkal U.—1952; Pat, U.—1963 ; C. U.—1957; 
U. P. B.—1916 ; Del. H.8.--1960) 


6. Describe a filter pump and explain its mode of action, 

(U. P. B —1956 ; Raj. U.—1959) 
7. Describe an air-pump and explain its action. 

(Vis, U.—1955; Cf. Raj U.—1962 ; Gau. U.—1958 ; 
O. U.—1957 ; Pat, U.—1952 ; U. P. B.—1952; 
Cf. E. P. U.—1968) 
8. Describe with the help of a clear diagram a pump for lifting 
water from a well about 16 ft. deep. What trouble will be experienced 
if the depth of the well exceeds 30 ft. (U. P. B.—1955) 


9, Ifthe barrel of air pump is one-third the size of the receiver, 
what fractional part of the original air will be left after 5 strokes? 
What will a barometer within the receiver read, the outside pressure 
being 76 oms.? (Gas. U.—1968) 

Ans. fot; ; 18 ems, (nearly) 

10. Ii the pressure ina pump were reduced to 3 of the atmospheric 
pressure in 4 strokes, to what extent it would be reduced In'6 strokes ? 

Ans. 0°192 of the initial pressure. 


11. The volume of the barrel of an air-pump is 1/5th that of 
receiver. Find after how many strokes the density of air in the 
receiver will be reduced in the proportion 126 : 216. (Vis. U. -1955) 
Ars. 8. 
12. The contents of the receiver of an exhausting air-pump is 
6 times that of a barrel. Wind the pressure of the air in the receiver 
at the end of the eight strokes of the piston, when the atmospherio 
pressure is 15 lb. per square inch. (Utkal U. —1951) 
Ans. 4'97 Ib.[sq. in, 
18. Describe a double-barrelled air-pump and explain its action. 
(0. U.—1948 ; '53) 
14. Oompare the pressures in the reoeiver of condensing and 
exhausting air-pomp after the same number of strokes, and account- 
ing for the fundamental difference in form of the two expressions, 


(Cf. C. U.—1958 ; Pat. U.—1952) 


15. Explain the action of a rotary oil pump. (E. P. U.—1953) 
16. Describe in detail, with a diagram, a condensing pump and its 
mode of action. (Utkal U.—1951; O. U.—1958) 


17. The volume of the receiver ina condensing pump is 25 times 
that of the barrel. Find after how many strokes the pressure inside 
ie ns will be increased from one to three atmospheres, 

ns. 50. . 
18. What do yoi mean by a compression pump? Give two 
common examples. Desorlbe with a diagram, the working of an 
ordinary bicycle pump and the action of the value in the bicycle 


tube. 4 (Gau. U.—1952) 
19. Writes note/on Diving Bell? (Utkal U.—1952, '64) 
20. Explain how would you produce and measure a high vacuum. 

Describe some uses of high vacuum. (Aud. U. —1951). 


| 
| 
| 


CHAPTER XIII 
APPLICATIONS OF VECTORS IN MECHANICS 


1. Vector and its Representation —We have made a preliminary 
| reference of a vector quantity and its fundamental difference from a 
!yscalar quantity in Art. 21. We shall make a more detailed study of 
a vector quantity in this Chapter. A vector requires for its specifi- 
cation, (i) a unit of some kind, (ii) a number or a numeric 
giving the magnitude of this quantity in terms of this unit, 
which we often call the size of the vector and (iii) an indication of 
a direction. In this sense quantities like displacement; velocity, force 
etc. occuring frequently in Mechanics are vectors. Scalar quantities 
have magnitudes only such as a mass, distance, time, etc. 
Mathematical Representation.—Since a vector is a directed 
quantity with some physical unit, it may be represented by a 
straight line of some specific length such as AB representing 
-> 


its magnitude with an arrow-head over it in the form AB to 


ip 
signify its direction (Fig. 1). If AB be of length M, then M 
may repersent the vector along the specific direction. In some 
standard Books a Clarendon type is used to represent a vector which 
includes a magnitude and direction with proper units. The magnitude 
M of the vector is called the 


size or modulus of the vec- N Q Ñ- D 
tor. In fig. 1, if the moduli R-À =N 
of the vectors AB, CD and W B 3 


PQ be represented by M, N 
and R, then these vectors 


can be represented by any 8 P C 
= > A 
one of the forms AB=M A M:M = 
> > => 
=M, CD=N=N and PQ Fig. 1 
> 


—R-R. In thispBook, the Clarendon type method of representing a 
vector will be generally adopted. Remember that although a 
Clarendon type vecor is not given an arrowhead, it represents 
simulaneously the magnitude (size), the unit and the direction when 
placed over a straight line with an arrow-head. In a hand-written 
script, as it is difficult to write a Clarendon a es students are 
-> 

advised to use either an italics type such as M or AB for a vector. 

Graphical Representation.—A straight line with an arrow-head 
at any end usefully represents a vector ; the length of the line is 
taken to be proportional to the magnitude or size of the vector and 
the arrow-head is taken to represent the direction. The unit of the 
quantity inyolved in the vector is specified to represent its nature or 
class. Suppose that we have to represent graphically a velocity 
vector of 50 kilometres per hour towards east. Here kilometres per 


16 
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hour represent the unit, 50. is the magnitude and, east is the direction. 
For specification of cardinal directions a compass with east-west and 
north-south directions is provided on the extreme left of fig. 1. Draw 
a straight line AB., of a suitable length, say 5 cm., east-west and call 
this length proportional to 50 kilometres and put an  arrow-head at. 
the terminal B (fig. 1). Then the scale to which the vector is drawn. 
is.l cm. equivalent. to 10 kilometres and since it is a velocity vector 
the unit of representation should be 1 cm.=10 km./hour. On the 


E» 

same scale the vector CD of length 3 cm. will represent a velocity of 
> => 

30 km./hour due north-east. For a similar reason PQ=R=R repre- 

seets a velocity 20 km./hour due north. It is a general rule that vec- 

tors belonging to the same class and represented in the same diagram 

must have a uniform scale of drawing. 


Again the 3 specified directed lines (fig. 1) may represent vector of 
three different classes, such as M representing displacement, N a 
velocity and R a force. In such a case the unit and scale of 
each vector must be mentioned for understanding. 


So we conclude this article by stating that vectors drawn on a 
plane surface or in three dimensional space must have definite lengths 
and arrow-head at their terminals. The cardinal directions east-west 
etc. may not be drawn on the paper. The vector directions may be 
supposed fixed with respect to the diagram. 


2. Multiplication and Division of a Vector by a Numeral or Scalar 
Quantity.—Since a scalar quantity possesses a magnitude with some 
unit only, it can be multiplied with a vector which undergoes a 
change in magnitude and unit but remains a vector having the same 
direction. Momentum is an example which is the product of a mass 
and a velocity. Here mass is a scalar quantity but velocity is a vector 
having-some magnitude in some units and direction. So momentum 
is a vector having the same direction as the velocity. In this case the 
momentum vector changes its class, the direction remaining same. A 
mass of 10 gm. (scalar) moving with a velocity of 20 cm./sec. due 
east (vector) possesses à momentum of 200 gm. cm./sec. due east 
(vector). Similar example is found in product of a mass and acce- 
leration vector which produces a force vector of a different magni- 
tude but having the same direction. Reversion from momentum to 
velocity vector requires a division of a vector by a scalar quantity. 


When a vector is multiplied or divided simply by a number, it 
retains its class but its magnitude changes while the direction remains 
fixed. Suppose a is a number and B is a vector, then aB is a. vector 
of the same class but it is a time larger than B. Division of B by a is 


the same as multiplication of B by d: If a is greater than unity, 2 


must be Jess in magnitude than B, its direction remaining the same. 
Fo rexample, if we have a force vector of 100 dynes impressed due 
north, then this yector multiplied by 5 will give 500 dynes due north, 
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or when it is divided by 10 will. give 10 dynes impressed due north, 
This sort of division of a vector by its magnitude has given us an ideat 
of unit of a vector. M sy 
2. Unit Vector.—Since every vector, irrespective of its class must’ 
have a definite magnitude, unit and direction, there must be a rela~ 
tion between the vector and its magnitude, In Fig. 2, vectors A, E 
and U are drawn to suitable scales. Let A, E and U be the corres» 
ponding magnitudes and units of these vectors. : These italic types 
are neccessarsly scalar values of the vector quantities. Then the 
sA E U À y 
ratios s É and gae called the unit 
vectors along the directions of res- 
pective vectors. 


> = 
Call Aaa ora; Ee or e 


and T =u or P Then a, e and u 


are the unit vectors of the vectors Fig, 2 ^ 

A, E and U aloag their directions. So a unit vector of any’ vector is 

defined to be a direction finder unity along the direction of that 
-> 

vector. In fig. 1, AB isa velocity vector having a magnitude of 50 

km./hour due east and it is represented by a line of length 5cm. 


50 km./hour due east 


Hence the unit vector along-this direction is 50 kmifhour 


=unit due east. 


4. Co-planar Vectors.—Vectors drawn upon a plane are called 
co-planar vectors. These vectors may belong to same or different 
classes, for example, some of them may be displacements, some ma 

be velocities etc. In Fig. 


we have a number of co- 
A planar parallel vectors repré- 
9 D sented by B, B’, B, By, D etc. 
Vectors may be divided into 
two groups: Some vectors 
$ 


are fixed or localised. A 
vector whose point of appli- 
cation is fixed with respect to 
a point, is called a localised 
vector. Suppose that the 
or > 
Fig. 3 point A of the vector AB is. 
ifixed to a body (fig. 1). It is then a localised vector. Examples of 
‘localised forcé vectofs are obtained in moments and couples actin; 
on a body. r 
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It is found that as much as a motion of translation of a rigid body 
is concerned, the effect does not alter if velocity vector is moved 
parallel to itself. Again if the body is imagined to be. 
absolutely rigid, it matters little if the point of application of the 
vector is shifted to any other point along its line of action. 

Parallel arrows of equal length drawn to the same scale and 
having the same direction are equal like vectors. In Fig. 3 B—B'— 
B, are all equal like vectors having equal unit vector. Reversing 
the arrow head would change the algebraic sign of the vector; 
then B=—B,=—B,. For B and B, the unit vectors are equal but - 
opposite in algebraic sign. D represents a like vector of large - 
magnitude. It is important to remember that in order to be able to 
add or subtract the vectors, such vectors should belong to the same 
class. We can add or subtract one velocity vector to or from another 
velocity vector. But we cannot get the summation of one velocity 
vector with a displacement vector. 


-> 
5. Addition or Subtraction of Parallel Vectors.—Let EF and 
T 
AN be two parallel like vectors of the same class represented by P 
and Q (fig. 4i). To find their resultant, bring Q parallel to itself 
and put it at the head of P (Fig. 4 ii) or alternatively bring P parallel 


P to itself and put it at. the 
Eo wr ) à head of -Q. The resultant 
a i vector iseither PHQ or Q--P 
t P F and may be put equal to. R 
—— Mb, a X Nl.. (Fig. 4 iii). 
x PS (ii) s P+Q=Q+P=R ... (4,1) - 


‘A & A 
E o B This is like ordinary law of 


: (ii) M OR of Algebra, Since P 
rR ” an are parallel, their unit 
PrQ-Q«P-R vector, say a is same. Let the 

Fig, 4 moduli of these two vectors be 

{P and Q. Then P+Q=a P+aQ=a(P+Q)=aQ+ P) along the same 
į direction. ' 

1f the two vectors P and Q be parallel and unlike such as 

shown in Fig 5i, then to find their 


f resultant, move Q parallel to itself 

and make its foot touch the head of ee E F 

P. Sothe vector difference P—Q Ne—g—A yw 
=EN (Fig. 5ii). Alternatively move E— Prf 

P parallel to itself and make its N A )(i) 
foot touch the head of Q, so that poe Jib ' 

> -> N Q A d 

P—Q=AF Since both EN and mc 
> "p:aczg^ i 

-AF are equal in length and parallel i cL bes. 


we get P—Q=R...(5,iii). Big. 5(000 A l 0 
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Since Q of Fig. 4 and Q of Fig. 5 are oppositely directly and are 
> > 


equal in magnitude, one is +Q and other is —Q since their 
unit vectors are equal but opposite in sign. In Fig. 5, wə have 
followed the same general rule of putting the foot of one vector 
at the head of the other. So we can state equ. (4,2) in the form, 

P+'-Q=P—Q=R Pins 46 E. s 

Here is a case Algebraic difference of the magnitudes of the two 
vectors and the difference acting along the direction of the larger 
vector, 

6. Addition of Two Vectors at an Angle.—Let P and Q be two 
vectors atan angle with respect to each other which means that 
unit vectors of P and Q are different in this case. The angle between 
two vectors is measured with respect to the positive direction of each 
(Fig. 6). To add them vectorially shift Q parallel to itself and set its 


Fig. 6 Fig. 7 , Fig. 8 
foot on the head of P (Fig. 7). Join a straight line from the foot of P 
to the head of Q and give an arrow head towards its positive 
direction. This is the resultant vector R ( refer to Art 25, 
pp. 34). 

7. P+Q=R T T 35 (6,1) 

Inthiscase ordinary Algebraic addition will be incorrect, since 
for ordinary geometry, the sum of two sides of a triangle is greater 
than the third side. If, however, the moduli of the three vectors are 
represented by P, Q and R, it can be shown by the parallelogram law 
(Art 24) that 

Rt =P? +Q?+2PQ eos a 7 
Q sin a I PV 
and tan =P cor? 
which give the magnitude of the resultant vecter R and its direction 0 
with respect to P. 

In this case also the law of assoeiation holds good. Shift P 
para lel to itself and sct its foot on the head of Q (Fig. 8) Join the 
foot of Q to the head of P by a straight line and give and arrow-head 
along the positive direction. This is the resultant vector R. By 
symmetry, this resultant is equal and parallel to R of Fig. 7. 

^ Q+P=P+HQ=R «+.(6;3) 

The angle between P and Rin this case is also «, and similar 
equations between their magnitude and direction as those of equ. 
(52) will hold good. Equation (5,2) can also be proved from the 
unit vectors, say a and b of P and Q from the scalar multiplication 
of vectors (vide Art 10). 
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7. Addition of Three or more Vectors.—The process of addition of 
„vectors by triangular method may be employed for any number of 
vectors having different directtons. In - 
Fig. 9 we have three vectors P, Q and R. 
The fourth side of the quadrilateralwill 
be the resultant vector S with the arrows — 
head in opposite direction as shown. To 
prove that join OB with an arrow head. 


> > 
Then P+Q=OB. Now, OB--R— 
> 


P+Q+R=O0C=S. ....(7,1) 
Alternatively, we can join AC, then 


— — 

Fig, 9 AC=Q+R and P+AC=P+(Q+R) 
à — 

=0C&S, - ...(7,2) 


So, (P+Q)+R=P-+(Q+-R). Therefore, we conclude that the 
addition of any number of vectors obeys the Law of Association. 


, 8, Subtraction of Two Vectors at an Angle.—Vectorial subtraction 
is a relative term in the sense that addition of a negative vector is a 


- 1 
“subtraction. In Fig. 10, when the vector AB=P is added to the vector 
-> i > > | 
.BC=Q to get the resultant vector AC-P--Q ; then a vector BD just 
-> 
‘equal and opposite to. BC will bea vector —Q. Adding Pito. —Q, 
à -> 


we get as usual, the resultant vecti r AD—P—Q.. The diff 
P and'Q may be less or ^ Q. The difference of 


greater in magnitude wack 

than the summation of ove 1 QN 

the same two vectors, p Lo /@ & 7 a 
according to the De i X 
relative position of the A< B d eem 
two vectors. In Fig. 11 2 P P -Q 
the summation of P and NS Q RD 

Q is shown to be less hi | sy 
than their difference. This "Aw 

paradox is explained by 

the fact that when the Fig 10 Fig, 11 


angle between the vectors (angle « between their positive directions) 
is obtuse, the effect of one vector is partially neutralised by the other 
in course of addition as in Fig. 11. So in subtraction the resultant is 
larger in magnitude. 


9, Vector Application in Locations.—There are various methods 
of locating the positions of an object by vectors lying on the same 
plane or on different planes, 
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(i) Point Source’: Radius Vector Method.—All that’ is needed 
in this method isa point of observation for example an observation 
station O, (Fig. 12). Distances from O to the ends of each vector 
are measured by geometric method or by wireless signals in 
case of rocket flights and the angle between successive vectors is 
measured. These distances are called radius 

—— > 
vectors. Let AB, BC, CD etc. be successive 
> x 


displacements of a moving body. Let OA, OB, 

> E 

OC be the radius vectors from O. Then OA+- A 
> — — -> 

AB=OB. Vectors OA and OB being known, 


= 
AB is found in magnitude and direction. 0 


— > 

Similarly, OC being known BC is found. Fig. 12 

i > => > > 
Computing in ths way, vectors AB, BC, and CD the resultant AD 
is found. Since such a measusement is independent of a station 
chosen, we may say that the vectorial measurement is independent 
of any system of co-ordinates. The method of measursement depends 
upon the solution of triangles. Illustrations of applications of such 
method are found in Echo-depth sounding, Location of moving air 
craft by Radar, location of tumors on a human body by Sono- 
graphy etc. | . ; 

(ij). Rectangular Co-ordinate Method.—In the previous method, 
we have to find the resultant vector by solution of triangles either 
directly or indirectly. When the number of coplanar vectors ds 
more than. fout or five, it is tiresome to find the resultant in magni- 

3 i For. yectors,on a plane 
surface, it is convenientto get the vector sum by resolving all the 
coplanar vectors along two rectangular axes on the plane and 


b.e 


H 


Fig. 13 Fig. 14 Fig. 15 
Let P, Q and R be three co-planar vectors of the same class 
(Fig.13). Draw a. pair of rectangular axes along any arbitrary 
direction on the plane designated by X'OX and Y,OY, as is usually 
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done on a graph paper (Fig. 14). For convenience let P coincide 
$ > 


with OX and be represented by OA. 
EX 


Slide Q parallel to itself until it coincides with OB. From B drop 
-> 
a perpendicular BF on OY and BE upon OX. Then OE isthe 


> > -> 
x-component of Q and OF is the y-component of the vector Q. In 
=> > > 
a similar manner bring R to the position OC and let CH and CG be 
the x and y-components of this vector. Then the vector sum of P, 
> > > 
Q and R is equivalent to OA--OE—OH along x-direction and 
> -> > > 
OF--OG along y-direction. Let their sums be OL and OK to be 
represented by S, and S,. (Fig. 15) 
> > > > > 
Then OV=OL+OK=OL+LYV. 
If the magnitude of the resultant be S. 


Then S=y/g,2+S,? 
and the inclination 0 of the resultant is given by tan o= } (9,2) 
a 


It is customary to write the sum of the components along OX as 
2x and that along OY as Xy. So the resultant in magnitude is 


given by JJ Dx? Ly? and the 


direction 0—tan-* 22 

EX 
10. Three Dimensional Co- 
ordinates— When vectors do not 
lie on a plane their vector sum 
can be found either by point 
source and radius vector 
method, or by Cartesian 
Three Dimensional Co-ordinate 
System*. The position of a 
point in space can be determi- 
ned by measuring the perpen- 
dicular distance of the point 
from three rectangular planes. 
Let there be three rectangular 
planes XOY, YOZ and XOZ, 
meeting each other alongthe Fig. 16 


* There is also another method of projecting the vectors on a plane and finding. 
their resultant on that plane. But this method is not dealt with in these preliminary 
aliscourses on the vector. 
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lines OX, OY and OZ (Fig.16). These lines of section arecalled three 
dimensonal co-ordinate axes. If the perpendicular distances of the 
point P from the planes YOZ, XOZ and XOY be PD, PF and PB. 
respectively, then these three distances will uniquely determine the 
position of P with reference to the planes. The distance DP of the 
point P from YOZ plane is denoted by x, dista nce FP from XOZ 
plane is denoted by y and distance BP from XOY plane byz. 
These are the co-ordinate values of P and is denoted by P(xyz) By 
geometry it can be proved that DP=OA=x, FP=OC=y and BP— 
OE=z where three perpendiculars PA, PC, and PE are drawn on 
three co-ordinate axes. The point O is the origin of the axes and 
OP is the distance of P from origin. Thus the position of P.is 
unique.y defined by writing P(x, y, z): 
The distance of P from the origin O is given by, : 
OP? — PB? --OB? (since PBO is a triangle right angled at B) 
—PB?--AB?--OA? (Since BAO is a right angled Doy 
at 


=z? 4y? +x? € 

If OP is denoted by R, then R= V xF y? Ez? (10,1) 

To get the direction of OP with reference to axes of co-ordinates, 

we have to know the angles made by the line OP with the axes. If 
ZPOA=4, Z POC—$ and 7 POE—?, 


Then cos P cos b= and cos I=} (10,2) 


These are respectively called the direction cosines of R with respect 
to the axes and are designated by /, m and 7. 
Now, R?=x?+y*+z? 


or, Rey Rea latmy tne ...(10,3) 


Thus OP=R is known in terms of co-ordihates and directions. 
consines. 

Further from equ. (10,3). 

2 2 2 

1er Ha + ntes cette costyc cmt t .. (10,4) 

which gives a. relation between the direction consines of a radius 
vector OP drawn from the origin. z 

Length ofa line whose base is not at the Origin—Let a straight 
line be placed on the space co-ordinates such that one end point has 
co-ordinate (x,y,2,) and the other terminal point has co-ordinate 
(Xayazg) The length r of the line in terms of the co-ordinates 1s 
given by, 

r= y [001 x)? Ha)? + (Za —23)] ... (10,6) 

The direction cosines of this line are given by, 

Ta Je ioos « ; 2280s B and fa facos y we (00,7) 
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11. Orthogonal System of Vectors : Unit Co-ordinate Vectors :— 
We have already seen that any number of vectors can be added and 
their resultant can be found by the polygon method. Even if these 
vectors do not lie on the same plane, we can find their resultant by 
placing the successive vectors head to tail maintaining proper direc- 
tions. This will give an unclosed figure in three dimensions. Finally 
close the figure by joining a line from the foot of first vector to the tip 
of the last vector and give an arrowhead on this line directed away 
‘from origin. This will be the resultant vector. 

Ina reverse way any vector can be resolved into any numbea of 
components in three dimensional space, so that single vector may 
represent the resultant of all those component vectors. It is very con- 
ventent to compose or resolve vectors along Cartesian Rectangular 
axes XYZ, as the mathematical transformations become easy to 
manupulate. 


y 
Let OP bea vector of any class to be specified by H. At the 
origin O of the vector let us draw three rectangular axes OX, OY and 
(OZ (fig. 17). From P draw per- 
pendiculars on thethree axes at 
points A, C and E respectively. 
rom the precediug theorem OA 
—H,, OC=H, and OE=BP=H, 
zare the projections of the line OP 
‘along three rectangular ^ axes. 
Taking the co-ordinates of P to be 
(x,y,z) and taking H,=x, Hy =y 
and H,=z, the relation between 
such quantities may be obtained 
(from eguas (102): ey eg a a 


;,4, Now let us observe this diagram X 
from the view-point of vectors. Fig. 17 
— 


= 
Let OC and OE be changed into vector by giving arrow-heads 


along their incremental directions. Then from the polygon 
theorem, 


m 
ULM. 


> —9— 


— => = d 
H=OP=0C+CB+BP=0C+0A+0E +(11,1) 
These component vectors are mutually perpendicular and hence 


> > 
they are called orthogonal vectors. But the magnitudes of OA, OC 


A 
and OE are H., Hy and H, respectively, In the original co-ordinate 
System, the units of „measurements along the three axes must be equal 
although they are directed in mutually perpendicular position. 


— E — 
Let OA-i H,,OC-j Hj and OE =k H,, wherei, jand k are 
‘vectors of unit length along ‘three mutually perpendicular directions. 
These are called orthogonal unit vectors. These vectors have the 
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property that multiplied by any scalar quantity or a number (such as 


_ H,, H, and H,), they will convert the product into vectors along 


their respective directions. 


> 
Thus H=OP=i4,+j 4, +k H, aa ARBER) 
Also we know from preceding Art that the magnitude of the vector 
H will bear the following relations to the magnitudes of the compo- 
nent vectors 
H®=H,2-+H,?+H,? 


iocos ole -H _ A; 
and cos mH on ok te: and cos y= H } PIT) 


Example.—A force of 100 gm. wt. is drawn as a vector of length 20 cm, 
inclined at at an angle of 30° to the positive direction of OX and 90° to the positive 
direction of OY. of rectan:ular system of co-ordinates. Find the unit vectors 
along the radius vector and along the axes. $ 


> => 
Ans.—1f OP be the direction of the vector, then OP=100 gm. wt. and OP=20 
cm. 


EX : 
Then OP 100 gm. wt. 


<= = , wt. per cm, is the. ma; itude of unit vector 
OP OT eur Sigm, wt. per cm, is gnii init vector 


a 

along OP. Its direction ‘is given by direction-cosines cos «, cos B and cos Y 
where cos2«--cos?8 4-cos?y—l. Now cos d rw 80 Cos? 30-1-075 

cos 90^ —0 ; so cos? 90* —0, SS cos2y=1=0:75=0:25, whence cos ¥=0°5 


E 
Hence 4-60. . So OP. is inclined to, OX, OY and OZ by 30^, 96° and 60° 
respectively. These give the direction of the vector. 


Again if (x, y, z) represent the terminal point of OP. of length 20 cm. then its 
‘projection on ‘X-axis is given by 20 cos 36° cm. and 100 gm. wt. has the component 
100 gm. wt. x cos 30°. 
. i100 gm. wt. X os 30°_ 5 gm. wt, per cm. along OX. 
~*~ 20 em. x cos 30* EUER UNS 7 


From a similar argument j—5 gm. wt. per cm. along OY and k—5 gm. wt./cm. 
alongOZ. Thusi-j-k in magnitude but they differ orthogonally in directions. 
12. Scalar or Dot Product of Vectors— We have seen in Chap. V, 
Art 77 that the magnitude of the work is given by the product of a 
force and the displacement of the point of application of the force. 
In this case force and displacement are both vectors but their product 
gives the work done which is a scalar. Such a product of two vectors, 
giving a scalar result is called the dot product of vectors. In fig. 18, 
let F be the force vector and S be the displacement vector, then their 
dot product is expressed as S. F whatever be the angle between them. 
If we consider the vector S first and start to measure towards F in 
theanti-clockwise direction, we call this angle positive. If farther 
-the sizes or moduli of the vectors be OC and OB to be represented by 
S and F. á 
Then S. F=S F cos 0 (in scalar values) ub (12,1) 
If again we get dot product of the vectors in the form F. S, then 
we come from F toS in the anti-elockwise direction, which makes 
the angle 0 negative. 
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Then F. S=Fgs cos (—8)— 
FS cos 6 (in scalar values) 

Since the two values are equal, 
we conclude that S. F—F. S. There- 
fore the scalar or dot’ product of 
two vectors is commutative obeying 
ordinary laws of Algebra. But the 
three following special cases 
arise : 

(i) When either of the vectors is zero, the scalar product gives 
zero value. As an illustration, when either the force or displacement 
is zero the work done is nil.. This follows the ordinary rule that a 
quantity multiplied by zero gives zero value. 

(ii) When the vectors are at right angles to each other, then 
F.S.—FS cos 90°=0. For this case Vector Algebra differs from 
Scalar Algebra. " 

(iii) When the vectors are parallel F. S.— FS 

Therefore the magnitude of the dot product depends not only 
upon the individual. magnitudes of the vectors but it also depends 
upon the cosine of the angle between two vectors. 

13.. Self-Product of Vectors—When the two. vectors are parallel 
then F. S.—FS. If the vectors belong to the same class and are equal 
in magnitude, that is when S is replaced by F, then F. F=F2=F*, 
This isa case of a scalar product of a vector with the same vector. 
This is called the self-product of a vector. 

Applying the law of dot product to unit vectors, i, j and k along 
rectangular co-ordinate axes, we have, 


Fig. 18 


iici'-jj-j —kk-k?*—l oF (13,1) 
Since each pair is parallel and equal. 
and ij=jk=ki=0 Since they are perpendiculars T (13,2) 


We can now investigate the nature of Vect 
jase g ure o ctor products of equ. 
H=iH,+jH;+kH, Squaring each side we get, 
H.H-H* =H? —6H, pH, KH.) $ 
=ii H,’ +jj H;?+k.k H,?Fij2H, A, +j.k2H, H, 


ik2H,H, 
2 HH EH s (13,3) 
by virtue of equs. (13,1) and (13,2) 


Vectorial Proof of ‘the Parallelo; : 
: of of | gram Law :—In Art 6, we found 
the value and direction of the resultant vector;R of P ond Q by 


algebraic process. It can also be pro i i i 
M proved vectorially in the following: 


Let p, q. and r respectively be unit vectors along P, Q, R: T. 
P=pP, Q—qQ and R—rA. Mh cc a 

po ARS AL rR=pP+qQ 

iee TER? —(pP-q0) — ? p* P?-+-q2024 2pgP 

or, R*-—P*-LQ?--2PQ p.q. sgh 

Since self product of any unit vector is 1. and pQ—cos « 
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c0 R?=P?+Q?+2PQ cos « 
and tan 0 is to be found from geometry. : 

14.. Vector Product of Vectors—In Art 44, we have dealt with 
the effect of a moment ofa force on a body. The effect of such 
forces can be handled with vectors. We already know that the 
moment of a force is obtained by the product of the-force and an 
arm which is the perpendicular from the point of rotation on the line 
of force, In treatment with vectors the force is already defined to be 
a vector but the arm of the force is treated as a radius vector which 
may or may not be perpendicular to the force vector. So this is also a 
case of product of two vectors known as the cross product of vectors. 

Let us first define the vector product of two ‘vectors in the 
following way. The vector product of two vectors A and B is defined - 
as a third vector AX B having a magnitude equal to the product of 
the magnitudes of the vectors and 
thesine of the angle between their 
directions. In fig. 19 0 is the angle 
between the positive directions of A 
and B. If the vector A is turned 
towards B through a given 
angle the necessary rotation must be 
anticlockwise when sighting along 
OT, which is the positive normal to 
the plane containing AOB. If the 
resultant torque be T, this is also a : 
vector. Ifthe unit normal in this Fig. 19 
direction’ be n, the value-of torque vector T=nT, where T is the 
magnitude of the torque, A right handed screw moved from A to B 
in the anticlockwise direction will move along the positive normal. 
So we ean write d 

T=nT=AXB=AB sin 0 : ac^ (14/1) 
Now, AB sin@is equal to the area of the quadrilateral OAEB. 
Hence the vector product of two vectors sweeps out an area known 
as a vector area whose magnitude is the area of the figure and whose 
direction is perpendicular to the area. In dealing with moment, we 


> > A > 
call OA as the arm yector and OB as the force vector. If OB is 


> -> 
shifted to AE then we have the moment of the force AE about: the 
axis of rotation TOT. The quantity OA sin 0 is the value of the 
perpendicular dropped from O on the force AE. 


> > 
If however we take OB asthe arm vector and OA as the force 
vector, then the effect of the moment is a clockwise motion when 


> > 
sighted along the positive normal. Since OA can be shifted to BE. 
In this case, we obtain the motion of a right handed screw when 
rotated from B to A in the clockwise direction. The motion of the 
sctewhead is downwards which is taken as a negative direction of 
vector torque T. 
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Then BX A=—nT=—T=AB sin (—p)=—AB sin o- .. (142) 
Suppose that opposite to A there isa vector —C and opposite to B 
there is a vector —D. What isthe value of the cross product or 
vector product of these two vectors? 1f—C rotates towards —D, it 
is an anticlockwise (positive) rotation and so the torque vector is 
positive. If again -CX—D=AXB in magnitude, the combination 
represents a couple whose vectorial moment 

=—Cx—D+AXB=CxXD+AxXB=2AB sin 6 (14,3) 
Equation (14,3) shows that the torque of individual arm-force 
product has the same sign and is equal in magnitude, it is possible to 
reverse the algebraic signs of C and D and their product may be 
added to the vector product of A and B. 

Fig 20 givesa physical picture of vector product in Mechanies. 
A body is capable of rotation along an axis passing through the 
point O. A force vector R is acting at 


i 
the point A, so that OA is the position F m0 
or arm vector P. The angle between the 
positive directions of these vectors is «. 
The torque vector isto be drawn at A 
normal to the plane of the figure and its 
‘positive direction is upwards. So obser- 
> 
ved from below rotation of P in 
the direction of R is anticlockwise anda 
tight hand screw method along that direction will go downwards 
along the negative direction of torque.. Therefore, PXR=—nT. 
From a similar argument we can show that QXS has a positive value 
and can be written at QxS=n7,. 


The vector products occur frequently in Electro-Magnetism and 
will be dealt with in their proper places. 


15. Application of Cross-product of Vectors—From the preceding 
Article, we learn that the magnitude of the cross or vector product of 
two vectors depends upon the magnitudes of the indiviual vectors and 
smaller angle between the positive directions of the vectors, The 
algebraic sign depends upon the direction of rotation along which 
one vector may be turned so as to approach the otber vector. If one 
yecjor is made to approach the other along the direction of a right 
handed screw, the motion of the screw will indicate the positive direc- 
tion of the resultant vector. 


Following this rule, if we have two vecctos A and B on the XOY 
plane in a right handed system of rectangular Cartesian Co-ordinates 
and if the smaller angle between their positive directions be 0. 

Then AX B=AB sin 6, provided we are able to make A approach 
B towards a rotation from OX to OY. The resultant of this cross 
product is along OZ. But in this case if B made to approach A, the: 
rotation is from OY to OX in a reverse direction (counter clockwise: 
if seen along OZ) and the resultant will be along —OZ. This is the: 
surest way of rockoning the algebraic sign of the resultant. 


Fig. 20 
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Thus AX B=AB sin 0—nT, say 
and BX A—— AB sin 0— —nT, say 
AXB——BXA 

If 0—0?, sin 0—0, hence the cross-product vanishes. In case ofa 
mechanical moment we explain this condition as the arm vector and 
the force vector being along the same line. This amounts to the case 
where the force acting on a rigid body passes through its axis of rota- 
tion and hence there is no rotatory effect by the force upon the body 
resulting in the torque being zero. 

If 0—90^, sin 0—1, hence the cross product is maximum. This is 
the case when the arm vector is perpendicular to the force vector. The 
effect of the torque is maximum. 


Cross-product of Rectangular Unit: Vectors—The unit vector i, j 
and k along OX, OY and OZ respectively are of unit magnitudes and 
are at right angles to each other for which 0—90* 

Henca ixj=ij sin 90°=ij having direction along OZ 

“ ixj=—jxi=k à \ 

For a similar reasoning j X k=jk sin 90° =jk=—kxXj=i 

The strict cyclic order in such results should be observed. 

Again since cross-product of parallel or conicident vectors is zero, 
since 0=0°, 

ixi=0=jxj=0=kxk. 


Examples :— 


> => > 

1. AB, BC and CD are the successive displacements of a rocket in space a$ 
detected from an ovservation station O on earih. "The distances AO, BO, CO and 
DO as measured by wireless signals are respectively 50, 60, 120 and 80 kms. 
Further angles AOB, BOC, COD and DOA are found to be 30*, 45*, 60* and 30* 
respectively. Find the individual and resultant displacements. 


(Refer to Fig. 12 Art 8 of this Chapter). 
Ans. From. ^A AOB, AB2—04?--0B?—204, OB cos / AOB 


E 
—502-1.602—2x 50x 60x cos 30*—904. whence AB=30°6 kms. 
Again from A BOC, BC2=OB?+0C2—2. OB.OC cos L BOC 


he 
— 6021-1202 —2 x 60x 120 x cos 45*— 7818 whence BC —88:4 kms. 
Also from A COD, CD2—0C3--OD?—2.0C.OD cos Z CoD 


> 
=. 502+802—2 x 50x 80 x cos 30°=1972 whence AD=444 kms. 
= Resultant. 
-> > > B 
2. Three coplanar vectors P, Q, and R, ona vertical plane having azimuthal 
> 


angles of 45°, 30° and 120° have:a resultant S whose projection on a horizontal 


= 
plane is 30 cms. Find the magnitude of the resultant. 
Ans, Ref to Fig. 14 Art. 7. 
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Let 4=45°, B=30° and y=120°, Then if ô be the azimuthal angle of the 
resultant, 3=7+ F5 =150°—90° =60° 


30 


Then the resultant= 
cos 6i 


T= 60 cm. 
LI 


— — — 
3. Show that the vectors P—2i—j--k, Q—i—3j—5k and R=3i—4j—4k form 
the sides of a right angled triangle. [ Le Es ] 
Ans. We know that the square of the magnitude of a vecior is equal to the 
sum of the squires of the co-efficients of i, j and k which compose that vector. 


bet — 
*. Length of the vector P= /44+-1+1= y6 


A — 
Length of the vector Q= J1+9+25=/35 
Length of the vector R= y9+16+16= /41 


‘Since P2--Q?—41— R? ; P, Q, R forma right angled triangle of sides P and Q, 
cand its hypotenuse is R. 


EXERCISES XIII 


1. Distinguish between a scalar and a vector quantity. How isa vector 
mathematically and graphically represented ? Is it necessary that vectors drawn 
‘on the same diagram should have the same scale, —Explain with diagram. 


2. Explain the principle of multiplication and division of a vector by simple 
numbers. How does the sense of a unit vector arise from this principle ? 


* 3. Show by a diagram that the vector addition obeys the associative law. 
4. Explain different methods of identifying vectors and getting their 
resultant. 


5. Explain with a neat diagram of expressing the position of a point in three 
dimensional orthogonal co-ordinates. How can the length of a straight line 
starting from the origin be expressed in terms of the co-ordinates of its other 
end point ? 

6. What are the direction cosines /, m and n of a straight line of length Hina 
rectangular co-ordinate system? If the line starts from the origin, how can you 
represent the line in termsof tis direction cosines ? 


7. Define orthogonal system of unit vectors. Prove that they are equal in 
magnitude. Express a position vector in terms of orthogonal unit vectors. 
What is a scaler product of vectors? Give an example of a scalar product. 
Define self product of vectors. Show the relations if i, j and k in self 
product, 


9. Define vector product of vectors. Find a relátion of the resultant of 
vector products and individual vectors by drawing a neat diagram. 
10. Show that the effect of the moment. of a force’ acting on a rigid body can 


be represented by the cross-product of two vectors. Express the relations between 
unit vectors in cross-products. 


HEAT 


CHAPTER I 
THERMOMETRY 


1, Heat.— From our earliest days we are familiar with the 
sensations of heat and cold. If we stand in the sun or before fire, 
we feel hot, whereas if we hold a piece of ice in hand, we feel cold. 
The physical cause, due to which we have such feelings of hotness or 


coldness, is termed heat, 
-historic times it was known to man that rubbing of two 
splinter woods created fire ; and it was fire which made things burn 
and produce heat. For example, heat is generted when we rub our 
hands together or when a piece of ironis hammered on an anvil. 
Both Indian and Greek philosophers. of early days considered ‘fire’ 
(Tejas in Vedic term) as one of the five elements ever present in 
nature, But experiments to show that heat can be obtained from 
other energies or that heat can be transformed into other forms of 
energy were done in eighteenth and nineteenth centuries, These 
experiments showed that Heat is aform of Energy and it can be 
measured in terms of some units 

9. Temperature > When heat is applied toa body which is not 
in a state of melting or vaporising, the body grows hotter. Conversely, 
when heat is somehow taken away from the body, it becomes colder. 
Generally speaking. temperature is the measure of hotness of a body. If 
on touching two bodies A and B, A appears to be hotter than-B, then A 
is said to be at a higher temperature than B. Thus in material bodies 
temperature is that manifestation of heat which we can compare by 


our sense of perception. 
Accurately defined, 


From pre 


temperature is the thermal condition of a body 
which determines whether the body will communicate heat to, or ‘receive 
heat from, another body, when both the bodies are put into thermal 
communication, If a hot metal ball be dropped intoa mass of cold 
water, the ball after some time appears colder than before, while the 
water appears warmer. Here heat has left the hot ball and has passed 
into the cold water. The passing of heat from one body to another, 
therefore, depends on their difference of temperatures. 

Distinction between Heat and Temperature—Although the terms 


heat and temperature appear so much alike, they do not convey the 
PtI/H-1 
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same meaning: (1) Temperature indicates the thermal condition of a 
body, whereas the quantity of heat possessed by it is a form of energy. 
(2) Heat generally increases the temperature of a body. But ifa 
body melts or boils, it does so at a definite temperature known as 
the melting point or boiling point. The application cf heat at these 
two states is utilised in melting or boiling out more of the 
substance without any change of temperature. (See Chapter VI) 
(3) Two bodies may be at the same temperature, although the 
quantities of heat possessed by them may be different. If, out of a 
large mass of boiling water, a small portion is taken off, the tem- 
perature of the two masses is the same, although the quantity of heat 
in the former is far greater than that in the latter. (4) The flow of 
heat from one body to another depends only on their temperatures 
and not on the quantity of heat possessed by either. The amount of 
heat in a red-hot iron ball may be far less than that in a bucket of 
warm water ; but if the ball be pub into the water, the former will 
communicate some amount of heat to the latter. (5) Temperature is 
analogous to the surface level of a mass of liquid. If the level of water 
in a vessel be higher than that in another, water will flow from the 
former to the latter, when communication is made between the two 
vessels; this takes place irrespective of the quantity of liquid in each. 
The flow ceases as soon as the level of water in both the vessels 
becomes the same. Similarly, heat will pass from a body at a higher 
temperature to one at a lower temperature, irrespective of the quan- 
tity of heat possessed by each and there will be no further transference 
whon the temperatures of the two bodies become the same. 


8. Effects of a Change of Temperature—When a body is heated 
or cooled so that its temperature changes, the following among other 
effects may by observed :— i 


(i) Change of Volume — It is found that, in general, bodies increase 
in volume when heated, and contract when cooled. 


(ii) Change of State—On being heated, a solid at a certain tem- 
perature generally passes into the liquid state and similarly a liquid at 
another fixed temperature passes into the gaseous state. Thus when 
ice is heated, it gradually melts into the water and when the water is 
heated, it passes into steam. Conversely, on being cooled, steam 
changes into water and water being sufficiently cooled freezes into ice. 


(iii) Change of Physical Properties—A change of temperature 
modifies almost all the physical properties of matter. Thus the 
elasticity of solid, the surface tension and the solvent power of a 
liquid, the power of metals to conduct heat and electricity, etc, are 
affected by changes of temperature. Zinc is hard and brittle at 
ordinary temperature but soft and flexible when heated; iron is 
softened or tempered by alternate heating and cooling. 

(iv) Chemical and Electrical Bffects—Many substances (such as 
lime) are descomposed when sufficiently heated. Again, some chemical 
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union is brought about by application of heat. The electrical resis- 
tance of a conductor changes with its change of temperature by heat. 
If by joining wires of two dissimilar metals a closed circuit is made and 
if any junction be heated, an electric current flows through the circuit. 


4. Measurement of Temperature—All our ideas regarding 
difference of temperatures are primarily derived from the sense of 
touch. In such cases the temperature of the hand is, therefore, the 
criterion. But this method of estimating the relative hotness or 
coldness of a body cannot be taken to be accurate. The following are 
the reasons therefore è (1) Our sensations are not sufficiently delicate 
(2) Judgment as to the temperature of a body is sometimes incorrect. 
For instance, if the right hand is placed in hot water and the left 
hand in cold water and then both be immersed into a mass of luke- 
warm water, the water appears cold to the right hand but not to the 
left. Again when touched by hand, different bodies at the same tempe- 
rature may give different sensations of hotness or coldness Thus if a 
piece of wood and a piece of a polished iron lying side by side in air be 
touched, the latter will appear colder, but as a matter of fact both are 
at the same temperature. The instrument, that is devised for comparing 
‘and measuring different temperatures, is known as thermometer. 


We take recourse to one or the other physical property of a subs- 
tance which should change uniformly with temperature and which 
at the samo time must be capable of easy and accurate measurement. 
Tt is an observed fact that when a substance is heated, its volume 
increases continuously with the rise of temperature. The change 
of the volume of a suitable substance may, therefore, be taken to 
indicate the corresponding change in temperature. Mercury is most 
suitable as a thermometric substance, 

5. Early History of Thermometers.—Of all the changes of 
physical properties of a substance with temperature, the change of 
volume with temperature attracted the attention of 
early scientists. Galileo Galilie (1564-1642) is said 
to have first constructed a form of thermometer round 
about the year 1604. The instrument was really a 
‘combination of a thermometer and a baroscope and so 
it was named a thermoscope (Fig. 1). The apparatus 
consists of a glass bulb B with a narrow uniform pipe 
vertically placed over a pot A having a spout. Some air 
is enclosed within the bulb extending to some level. 
Some. coloured liquid fills a part of the pot and rises 
up to a certain height. An arbitrary scale is attached 
to the pipe, If now temperature rises, the air within 
the bulb expands forcing the level down. On the other 
hand when temperature falls, air contracts and the 
liquid level rises up. So observation of the liquid 
levelis an estimate of hotness or coldness. No fixed 
points could be devised in those days. Since the spout is open 


Fig. 1 
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fo atmosphere, a change of atmospheric pressure will also cause the 
level «to rise up or fall down. Hence -is the name thermoscope. 
Robert Boyle (1627-1691) earried such a thermometer in England for 
the investigation of the famous Boyles law of pressure-volume relation 
at a constant temperature, which he successfully carried out in 1660. 
The use of alcohoi as a thermometric substance in a sealed tube began 
in Italy by a group of scientists between the years 1640 to 1650. But 
itis important to note that use of mercury as a thermometrie 
substance and fixed points of a thermometer all came in during 
eighteenth century. 


6. Mercury Thermometer and its Construction—The most. 
common form of thermometer is a mercury in-glass thermometer. It 
consists of a small cylindrical bulb (Fig. 2) 
provided with a stem of very narrow and 
uniform bore. The other end of the stem is 
closed and there is mercury inside. The 
volume of the enclosed mercury changes 
with the change of temperature. For a defi- 
nite temperature, the volume occupied by 
mercury is constant, as shown by a definite 
position of the mercury column along the 
stem. The stem is graduated in accordance 
with some standard scale, so that each 
division represents ‘an equal change in 
temperature, 


Construction of a ; Thermometer— 
A piece of thick-walled capillary glass tube 
of wniform bore is taken. It is thorougly 
cleaned and dried, A bulb Bis blown at 
one end (Fig. 3.) At C, alittle below the 
open end, the tubeis heated and drawn 
out so.as to form a narrow neck. A small cylindrical funnel E is then 
attached to the open end by a short piece of rubber tubing. The tube 
is held in a vertical position anda quantity of pure and dry mercury 
is put into ihe funnel. As the bore is very narrow and as the tube 
is filled with Air, Mercury does not run down the tube. To introduce 
the mercury into the bulb, the latter is gently heated ; the air in the 
bulb expands and a portion of it bubbles out through mercury in the 
funnel. | On being now removed from the flame the bulb cools down ; 
the air inside contracts and sucks in some quantity of the mercury 
into the bulb. By repeating this process of alternate heating and 
cooling several times, the bulb is almost filled with mercury. The 
bulb is then strongly heated until the mercury boils and gives oub 
mercury vapour. As the vapour continues to escape, it drives away 
all the air and moisture enclosed. On cooling, mercury completely 
fills the bulb and the stem. While the bulb is still warm, the excess 
of mercury in the funnel is taken out, i 


Fig. 2. 
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Next the bulb with the stem is subjected toa temperature a 
little above the boiling point of water. Some amount of mercury 
expands into the funnel and is removed. When the bulb slowly 
cools, mercury contracts and as it just passes the constriction C, 
the tube is sealed at the point by means of a strong pointed flame. 
On coolin, mercury contracts and fills up the bulb and a part of 
the stem.gThe closed tube is then allowed to cool down for a consider- 
able period before the instrument is graduated. In selecting a scale for 
the measurement of temperature with a mercury thermometer, it is 
necessary to mark on the stem the positions of the mercury thread 
corresponding to two definite temperatures, These are called fixed 
points of a thermometer. The lower fixed point is taken to corres- 
pond to the temperature at which pure ice melts under normal 
atmospheric pressure ; this is known as the ice-point. The upper fixed 
point is taken to correspond to the temperature at which pure water 
boils under standard atmospheric pressure of 76 cm. of mercury. This 
is termed the steam-point. 


Determination of Fixed Points—(a) The Lower fixed point or the 
ice-point—In order to determine the iee-point, the bulb of the 
a thermometer, constructed as above, is placed 
within small lumps of pure melting ice kept in 
a funnel (Fig, 4) The level of the mercury 
column gradually sinks. Finally at a particular 
position it becomes stationary. After 
some time the fixed position is marked by a 
fine scratch made on the stem with a file. This 
gives the lower fixed point. It is also termed 
the freezing point. If the bulb of a centigrade 
thermometer is placed in melting ice in the 
above way and if the mercury level stands a& 
the zero mark, its freezing point has been 
correctly marked. 
(b) The Upper fixed point or the steam- 
point—To determine the upper fixed point, the 
Fig. 4 thermometer is placed into steam of boiling 
water in a specially constructed vessel, called a hypsometer. Tt 
consists of a copper vessel A (Fig 5) with a vertical tube B which is 
surrounded by the jacket C. The jacket has two openings, one at the 
top and the other D at the side. The vessel A is partly filled with 
water and the upper opening is closed by a cork havinga hole, through 
which a thermometer T is inserted into B so as to remain well above 
the water level in 4. As water begins to boil, steam rises through B, 
passes into the jacket © and finally escapes through the pipe D. The 
steam in the jacket C protects circulating steam in B from being cooled 
by external air. Attached to the side of the vertical tube opposite to D, 
& manometer M indicates the pressure ofthe steam. The bulb and 
the stem being thus surrounded by steam, the level of mercury 
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gradually rises and after some time attains a stationary position. The 
position of the mercury level is just visible above the cork. When 
after a few minutes mercury has reached a steady temperature 
throughout, the position of the mercury level is marked by a scratch. 
This mark indicates the temperature, at which water boils under 

the atmospheric pressure which is noted from the barometer, 
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Fig. 6 

As the observed atmospheric pressure is generally different from 
the standard pressure of 76 cm. and as pure water is found to boil at: 
different temperatures under different pressures, the scrateh mark 
so made does not tally with the standard steam-point. The standard 
steam-point according to a centigrade thermometer should be 100. 
The graph shows the variation of the observed steam-point with a 
change of pressure ( Fig. 6 ). It is found that near the normal 
atmospheric pressure an alteration of pressure by about 98 mm. 
changes the boiling point of water by 1°C. The correction is to be 
added or subtracted according as the observed pressure is below or 

above the normal atmospheric pressure, 
Suppose that the scratch mark of the observed steam-point is made when 
the barometric pressure is found to be 75cm, From the graph the corres- 
ponding steam temperature is found to be 9965°O. The length on the stem. 


from the lower to the upper scratch marks is accurately read with a vernier 


microscope. Let it belcm. If L cm. be the true length between the lower- 
scratch mark and the standard 8team-point, then 


L_ 100 1001 
T 9965^ whence Z 9965" 


Thus measuring a distance T; om. from the lower scratch mark, we put there 
the standard mark 100 for the upper fixed point. 
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After the two fixed points have been marked on the stem, the 
space between them is divided into a number of equal parts. according 
toa standard scale of temperature, Hach such division is called a 
degree. The graduations are continued some way -both above and 
below the upper and the lower fixed points. To mark the graduations 
on the stem, the latter is coated with a thin layer of wax and 
equidistant lines are drawn with a fine pointer on the layer. By 
exposing the thermometer to the vapour of hydroflourie acid, the 
marks are etched permanently on the stem. 


7. Scales of Temperature—There are three scales of 
temperature—(1) Centigrade or Celcius, (2) Fahrenheit and 
(3) Reaumur. t 

(1) The Centigrade scale -was designed by Elvius of Sweden in 
1710 and later on by Christin in 1713, Some people associate also 
the name of Anders Celsius (1101-1741) of Sweden. The melting point 
ofice is zero and the boiling point of water under normal atmos- 
pherie pressure is marked 100. 


(2) The Fahrenheit scale was devised by German scientist 
Gabriel Fahrenheit (1686-1736) in I717. Its zero was specified as 
the temperature of a given mixture of snow and common salt ; the 
melting point of pure ice was taken as 32° on the scale and the boiling 
point of water under normal atmospheric pressure as 912°, The scale is 
generally used in Great Britain and the United States. Physicians 
make use of this scale. 

(3) In 1730 or round about that year French scientist Antaine 
Beaumur (1633-1757) designed a scale which goes by his name. Its 
zero is ab the melting point of ice, Under normal atmospheric pressure 
the boiling point of water corresponds to 80? on this scale. The scale 
is used for domestic purposes in Russia and in some parts of the 
European continent. 

Comparison of Three Scales of Temperature—The space be- 
tween the two fixed points contains 100 divisions of the Centigrade, 
180 of the Fahrenheit and 80 of the Reaumur Scale. The space 
is sometimes called the fundamental interval of a thermometer 


scale. 


The positions of the two fixed points on the three scales are shown 
below: 


Scale Ice-point | Steam-peint Number of egual divisions 
between fixed points 


Centigrade (C) 0? 100° 100 
Fahrenheit (F) 32° 212° 180 
Reanmnr (R) 09 80* 80 


100 Centigrade=180 Fahrenheit=80 Reaumur. 
divisions. divisions, divisions, 


or, io =2 of PF = of I'R. 
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Take & thermometer whose lower and upper fixed points are A and 
B respectively (Fig. 7) By its side place the three scales, Put the 
thermometer in a suitable bath and let P be 
the position of the top of the mereury column 
x in AB. Corresponding to the position P note 
1298) the readings on the three scales, by x O, y F, 
and z?R. It is easy to see that on the three scales 
the distance AP represents x. (y—392) and z 
degrees and that AB represents 100, (219 — 32) and 
80 respectively. No matter what scale is used, 
as AP bears to AB the same ratio, 


R AP _"x°O_(y—32)°F_ 2°R 
AB 100 180 80 
25 (X90!5 (y RaR SaR: 
A SUL SEE DITS Av GAs (9:5)1) 
Examples :— G 


1, The normal temperature of a healthy person is 
found to be 989'4F. What would be the corresponding 


7 ding on the Centigrade and the Raeumur ? 
EE s (Cf. V. U.—1953] 
Ans. Symbols carrying the usual significance, we find em E, 


whence c —39'9?0 and y=29'5°R 


2, The fundamontal interval of a thermometer A is arbitrarily divided inte 
60 equal parts and that of another thermometer B into 120 equal parts. If the 
freezing point of A is marked 60° and that of B marked 0°, what is the 
temperature by A when it is 100° by B? [Pat. U.—1954] 


Ans. The interval between the ice-point and the steam-point is divided 
into 60 parts for A and 120 parts for B. Therefore each degree graduation of 
A is equivalent to two degree graduations of B. 

«100 degree graduations of B—50. degree graduations of A. 


Sinco A starts from 60°, the corresponding reading of A would be 
(60+50)°=110°, 


8. What is the temperature which when read on a Centigrade and a Reaumur 
thermometer differs by 2° 7 


Ans. Let the reading on the Centigrade scale bez. Thon on the Reaumur 
scale. it is either z--9 or a—2, 


Since g -E we gaíher that eithor $23 or else at? 


-| 


whence =~10°0 or, 10°0, and R= -8° or 8° respectively. 


1. Whon the temperature is O?Q. & mercury thermometer reads ‘500, 


while at 100°C, it reads 100 8°0. Find the true tem; 

^ perature when the thermo- 
meter reads 2090, assuming that the i indri ana 
Rex uniter S g bore is cylindrical and that the divisions 


Ans. Since at the trne zero-point the t| 


hei "59i ^0 fi 
reads 100'8°C. there are (100805) ex, rmometer reads 0'5°C and at 100^0 it 


1003 divisions between the two fixed points, 
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"Each division of the thermometer correspouds to 100/100'3 of a correct centigrade 
thermometer the reading 20° of this thermometer is, in reality, (20— 0'5) or, 19'5 
division above the freezing point. 

The corresponding true temperatnre is pee 19°44°0. 

5. A faulty thermometer raads 5°C in melting ice and 99°C in dry steam at 
normal pressure. Find the correct temperature in Fahrenheit when the ther- 
mometer reads 52°C, (Pat. U. 1951] 

Ans, Obviously, (99—5)°, =94° of the thermometer correspond to 100° ofa 
atandard thermometer. 

.'. 1° of this thermometer 4? of the standard centigrade thermometer. 

When this thermometer reads 5290, its corresponds, in fact, to 52—5 or 47 
ecale divisions above the ice-point. 


This comes out to bo 41X100 = 50°C of a standard centigrade thormomter, 


Again, since $ S we, get r525, whence the desired temperature 
is 1220F" 


7 Advantages of Mercury as a Thermometric Substance— 


(1) Mercury boils at 357°C and freezes at—39°O ; so it remains 
in the liquid state over a long range of temperatures. Ordinarily a 
mercury thermometer may be conveniently used for an approximate 
range of temperature from—30°C to abaut 300°C, 


A mercury thermomter may also be used for measuring high temperature by 


filling the space above the mercury with nitrogen or carbon dioxide ata high 
pressure so as to prevent the boiling of mercury. A temperature up to 600°O can 
hus be measured by using glass with high melting point and the range cau even 
be increased to 750°C by taking a tube of silica. 

(2) It is a good conductor; that is, it quickly transmits heat 
throughout its body and so all mercury in the thermometer bulb 
readily attains the temperature of the substance in which it is placed. 


(3) Its expansibility is fairly large with a rise of temperature. 

(4) Its expansion is fairly uniform, so that at all parts of the scale 
for an equal rise of temperature its volume registers an equal rise. 

(5) It has a low thermal capacity. This means that for a given 
rise of temperature it absorbs a small quantity of heat. 

(8) As at ordinary temperature the vapour pressure of mercury is 
very low, the space above mercury contains very little mercury vepour. 

(7) Tt can he readily obtained in a pure state: lt isa shining 


opaque liquid and so i$ can be easily observed within a glass tube. It 


does not wet glass and does not, therefore, stick to the sides of the 


glass tube. 

8. Alcohol Thermometer— Alcohol is sometimes used as a 
&hermometrie substance. The liquid is coloured with some dye, as 
otherwise the position of the top of the liquid column cannot be 
readily observed. Its advantages and disadvantage as the thermo- 
metric substance in comparison to mercury are given below : 
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Advantages : 


(i) Alcohol freezes at—1 30°C. while mercury freezes at—39°C, so 
for measurement of low temperature, an alcohol thermometer is prefer- 
able Consequently, alcohol may be used in thermometers down to 
about — 120°C. (Liquid pentane may, however, be used down to — 200°C.) 

(ii) For a given rise of temperature, alcohol expands much more 
than mercury ; so an alcohol thermometer is more sensitive than a 
mercury thermometer to temperature variations. 


(iii) Fora given volume, so as to be raised through the same 
range of temperature, alcohol requires much less quantity of heat 
than mercury, 


(iw) Alcohol isa light liquid and wets glass ; so when temperature 
rises, the thread of alcohol can move smoothly in a tube of very fine 
bore, while mercury tends to move in a jerky manner, 


Disadvantages $ 


(i) Alcohol boils at 78°C, while mercury boils at 3579Q ^ So for 
accurately measuring temperatures higher than about 60°C an alcohol 
thermometer cannot be used, 


(ii) Conductivity of alcohol is less than that of mercury. 


(iii) The rate of expansion of alcohol is not uniform, but increases 
with rise of temperature. An alcohol thermometer is, therefore, 
graduated by comparison with a mercury thermometer, both being 
placed in the same bath. 


(iv) It is highly volatile and so its vapour readily collects into 
the space above the liquid and exerts an appreciable pressure. 


(v) As alcohol wets glass, a film of the liquid sticks to the walls. 
of the tube when the temperature falls. 


9. Maximum and Minimum Thermometers—These thermometers 
are so constructed as to be able to record automatically the highest or 
the lowest temperature attained during a given period of time, They 
are used for meteorological purposes. 


Rutherford’s Maximum Thermometer—This is a mercury 


thermometer with 
the bulb Band a 
small steel index 
P shaped like a 
double-headed pin. 
resting within the 
stem (Fig. 8). The 
thermometer is 
mounted horizon- 


tally in a wooden. 
Fig. 8—Maximum & Minimum Thermometers or metallic frames 


so that at any positionthe index can remain statio- nary, 
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In setting the thermometer, the steel index is moved from outside 
by a strong magnet, till one end is brought just in contact with the 
surface of the mercury. As the temperature rises, mereury expands 
and pushes the index forward. With a fall of temperature the mercury 
contracts ; but the index is left atthe position to which it had been 
pushed. The higher is the rise of temperature, the further the distance 
the index is pushed through. The end of the index towards the 
mercury surface records the maximum temperature attained during 
the period under observation. 


In some form of Maximum Thermometers the stem is placed in 
a horizontal position and the bulb is kept at a slightly lower level. 
At the junction of the bulb and the stem thereis a constriction. With 
rise of temperature mercury is forced into the stem; but when 
temperature falls, the mercury column within the stem is separated 
from the mercury within the bulb, thereby recording automatically 
the maximum temperature. Use of a separate index is not required 
in this type of thermometer. 


Rutherford’s Minimum Thermometer—In this thermometer 
alcohol is used in place of mercury. There is a small index P made of 
enamel or coloured glass and shaped like a double-headed pin resting 
within the liquid in the stem (Fig 8) In a suitable frame the 
thermometer is fixed horizontally. The instrument is set by tilting and 
the index is moved till one of its ends is just in contact with the liquid 
surface, the other end being within the liquid. As the temperature 
falls, the liquid contracts and due to surface tension the concave 


surface of alcohol drags the index along with it. But when the 
temperature rises, alcohol expands and leaves the index at the 
position attained. The ond of the index towards the’ meniscus 
records the minimum temperature reached during the period under 
observation. 


Six's Thermometer In this case the maximum and the minimum 
thermometers are combined into a single instrument. It essentially 
consists of a U-tube (Fig. 9) with bulbs at the two ends. The bulb B. 
and a part of the stem are filled with alcohol. The portion Py Pe 
is filled with mercury. The portion of the tube above P, and a 
portion of the bulb b are filled with alcohol. The remaning 
part of it contains alcohol vapour only. Room for expansion is left. 
thereby. 


Shaped like dumb-bells, two small steel indices P; and Ps 
float on the ends of the mercury column. Each index is provided 
with a small side-spring which presses against the wall of the tube 
and keeps the index in position. The instrument is set by bring- 
ing the indices just in contact with the respective mercury surface 
by means of a strong magnet working from outside. Running 
by the sides of the limbs of the U-tube, there are two graduated 
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Scales, the one of the 'maximum' side being graduated from 
below upwards, and the other of the ‘minimum’ from above down 
wards. 


Temperature rises and the alcohol in the 
larger bulb B expands and pushes down the 
mercury column with which it is in contact. 
Pushing forward the index P, and driving the 
alcohol in the other bulb b, the other end of 
the mercury column rises. When the tempera- 
Sure falls,the alcohol in thelarge bulb contracts ER 
and the mercury level on this side rises and THERMOMET 
raises the index P3, leaving it at the highest 
position reached. The position of the lower 
end of P, records the mawimum temperature 
during the period under observation,the reading 
being obtained from the corresponding scale. 
From the corresponding scale the position of 
the lower end of Pa give the minimum tem- 
perature, After each observation the instru- 
ment is readjusted. 


10. Clinical Thermometer (Physician's 
Thermometer)—This is a form of sensitive 
maximum thermometer and is used in record- 
ing the temperature of human body. It is a 
mercury thermometer with a constriction at O 
in the bore close above the bulb (Fig. 10), 
It has a short stem which is graduated 
generally from 95°F, to 110^F, each degree " 
being divided into five equal parts. The Fig. 9, 
normal temperature ofa healthy person varies between 96'6°F and 
98'4°F When the bulb is placed into thermal communication with 
the human body, the temperature of the bulb rises and the mercury 
inside expands, The expansive force drives the mereury past the 
constriction into the stem. When the thermometer is removed, the 
temperature falls and the mereury below © contracts; but the 
thread above O cannot follow, as the constriction provides an 
obstruction, The farthest end of this portion indicates the 
maximum temperature of the hody, When the thermometer is to 
be used again, it is shaken with the bulb downward, so that the 
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Fig. 10.—Clinical Thermometer 


mercury thread in the stem is made to pass through the constriction 
partly into the bulb. Very recently clinical thermometers are 
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graduated in centigrade scales. (For Dial and Metal Thermometers 
vide HEAT, Appendix E, at the end of Volume I). 


*11. Sources of Errors in Mercury Thermometer, —The 
following are some of the more important sources of error in a mercury 
thermometer and their corrections. 

i 


(1) Change of Zero—By placing the bulb of an ordinary marcury 
thermometer in melting ice, it is sometines found that the mercury 
stands at a slightly higher position than the freezing point marked on 
the stem. This occurs when a sufficient interval is not allowed 
between the sealing and the graduation of the thermometer tube. 
The tube contracts slowly and so the volume of the mercury appears 
to be in excess, showing a rise in the freezing point. The excess 
reading for ordinary glass is about 0'04°C. 


(8) Temperature of Steam—It has been mentioned in Art. 5 that 
in determining the upper fixed point a correction is to be applied to it, 
if atmospheric pressure st the time be not normal. But if both the 
fixed points possess certain errors, they may be eliminated by supply- 
ing for every such thermometer correction table between 0°C: 
and 100°C. 

(8) Temperature of the Exposed Column—When a thermometer 
is used, a part of the stem always remains outside and is, therefore, 
at a different temperature from the bulb, For this reason the read- 
ings, which are recorded, would be slightly lower; hence it is 
better to immerse a8 much of the stem as possible. A correction for 
this may be applied. 

(4) Internal Pressure—A vertical column of mercury, 20 om. 
long, exerts a pressure on the thermometer bulb of nearly at quarter 
of atmospheric pressure. Hence when a rather higher temperature is 
recorded by a mercury thermometer, pressure of this order is exerted 
oa the bulb, the bulb gets distended and the reading is consequently 
lower. But if the thermometer is kept horizontal, the problem of 
internal pressure does not crop up. 

(5) Non-wniformity of the bore—In a thermometer a change of 
temperature is measured by the change of volume of a definite 
mass of the liquid in the bulb. The changes in volume produce 
corresponding movement of the liquid head along the stem. The 
distance on the stem between the two fixed points is divided into 
equal intervals or degrees, so that each degree represents the same 
change of temperature. This is true only when the bore is uniform ; 
else an equal expansion of the liquid for an equal rise of temperature, 
though regular, will not be indicated by an equal length in different 
parts of the stem. In such a case, the thermometer may be calibra- 
ted all over the length of the bore by detaching a thread at mercury 
and measuring the number of degree divisions it occupies at various 
parts of the tube. 
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EXERCISES ON CHAPTER I 


1. What do you mean by the temperature of a substance ? 
Describe with a neat diagram a Six's thermometer and discuss the 
principle on which it works. State some of its uses. 


Determine the temperature which is indicates by the same 
number on Centigrade and Fahrenheit scales. 
Ans.—40°O, or, —40°F. (C. U.—1942,’58) 

2. The freezing point on a thermometer is marked 20 and the 
boiling point 150. What reading would this thermometer give for a 
temperature. of 4590 ? (0. U.—1957) 

Ans. 78'5°. 

8. How will yon construct a mercury thermometer and 
graduate it so that your reading will agree with that of another ther- 
mometer? (All precautions and corrections Should be motioned). 
(Pat. U.—1961; Del. H.8.—1970; U.P. B.—1969? O. U.—19506) 


4, What is meant by Fundamental Interval of ‘a thermo- 
meter ? Describe experiment to determine it accurately. 
(Pat. U.—1970) 


5. Describefully the method followed to mark tho scale ona 
mercury in glass thermometer. (0. U.—1952 Of- 1956) 

G, Describe how the fixed points of amercury thermometer are 
determined. 


A faulty thermometer reads 1° when placed in melting ice and 96° 
in steam at normal barometric pressure. Find the correct temperature 
when the thermometer reads 89°, the bore of the thread and 
graduations being supposed uniform. (Dac. U.—1968) 

Ans. 40?Q. 


7. Describe how you would construct and graduate s liquid-in- 
glass thormometer to read temperature between 2°0 and 10°C, Another 
sensitive thermometer for this range will be supplied. 

Give reasons for choosing a particular liquid as the ther- 
mometric substance. Also discuss whether water can be used for 
this range and explain how you would read the temperature without 
any ambiguity with water-in-glass thermometer in the above range. 

(Pat. U.—1969) 


8. Discuss the relative merits and demerits of mercury and 


alcohol as thermometric substances. (V. U.—1958) 

9. Describe with a neat diagram the working of Bix's maximum 

and minimum thermometer. (Utk, U,—1964) 
10. Write & note on maximum-minimum thermometer, 

(V. U.—1954) 

1l. Describe with a ‘neat diagram a form of maximum and 

minimum thermometer, (Pat. U.—1974) 


12. Give an account of the various methods for measurement 
of temperature and classity according to the range of temperature 
for which they are suitable. Give their relativo accuracy of 
measurement. (R. P. B.—1968) 

13. Describe a clinical thermometer. What makes it 
possible to read the temperature after removing the thermometer 
from the body ? (Of. V. U,—1953 ; €. U.—1967) 


CHAPTER II 


EXPANSION OF SOLIDS 


12. Expansion of Solid—In most cases solids expand when 
theated. This can be shown by an apparatus known 88 Gravesand s 
Ring. It consists of a metal ring (Fig, 10) 
clamped to a stand. Suspended by a chain, 
a ball of the same metal can just pass through 
the ring, when both are at the same temper- 
ature. When heated in a flame, the ball would 
no longer pass through the ring, showing that 
it has expanded. On cooling, the ball contracts 
and slips through the ring. 

A short metal rod with flat ends and 
provided with a wooden handle fits exactly 
into a metal gauge at ordinary temperature. 
When heated, the rod no longer fits into the 

Fig. 11 gauge, as it has expanded. 

Rivetted together at several points, two 
similar strips, one of iron and the other of copper, are taken (Fig. 11). 


When heated, the composite bar COPPER 
slowly gets curved, the copper re- 57  — — igo ow 


maining on the outside. If, on the (e 
other hand, the bar is placed for —— 
sometime in ice, it bends in the cca i 

opposite direction with the copper (6) 

strip on the inside. This shows that 

copper expands or contracts more Fig. 12 
than iron. Ina similar way it can 

be shown that different solids expand differently. 

When a solid is heated, it generally expands in all directions, al- 
though the expansion is usually very small. The increase in length 
of the body is called linear expansion, that in area is called superficial 
expansion and that in volume is called cubical expansion. 

18. Coeficient of Linear Expansion—When a solid is heated, 
it is found that the increase in length (i) 4s proportional to the origi- 
nal length of the body, (ii) is proportional to the increase of tempera- 
ture to which the body is subjected to and (iii) depends on the nature of 
the material of the solid. 

‘The coefficient of linear expansion of a solid is defined to be 
the increase in length per unit length of the material for a rise of tem- 
perature of 1°C for ordinary range of temperatures. 

The coefficient of linear expansion of iron is 0000019. This state- 
ment means that a rod of iron, 1em. in length, increases by 0000012 
em, for rise of temperature of 1?C. 
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Below we work out the formula for this coefficient, 
Let the original length of the rod at 0°C be=J, 


» length of the rod when heated through i°C , =l; 


and » Cofficient of linear expansion of the solid ^ =q, 
Then the increase in length for a rise of t? C zi ls. 
se theinerease ,, 2 "o ot190 z(Ih— 1t 


Hence, by definition, the mean coefficient (X) of linear expansion 
between 0°C is given ty i 
1— lo 
4= 9— 
Uc (131) 
In other words, the cefficient of linear expansion 
n increase in length 


~ original length X rise of temperature ` 


From (13.1) it is thus apparent that the coefficient of linear 
expansion of a metarial would have the same value, whether its lenght 
is measured in centimetres or in feet. Therefore the coefficient of 
expansion is independent of the unit of length. But it depends upon 
the scale of temperature in which the value isfound, For example, 
if the Fahrenheit scale is used, the coefficient of linear expansion 
becomes different from that measured in centigrade scale. As 1°F=$ 
of 1?C, the cefficient of linear expansion of iron 

=% X 0000012 = 0:0000066 per °F. 

Again from (1'31) we have l:— lo =lo4t. 

Hence 7; =l lot — lo(14-«t). ...(18 2) 

For a wide range of temperature, the coefficient of linear expansion 
is nearly constant. 

14. Expansions at different temperature—Suppose a body, 

not initially at O^O, is at some other temperature t,°C. Then at a. 
different temperature ¢,°C its length may be obtained in the 
following way ; 

Let los la and Za be the lengths at 09C, °C andi1?Q, respectively: 
and let ts be greater than t,. 

Then 1; =lo(1+4t,) and 1, — 1o! 1--«ts). 

Ig _144ty m any 
LL EPA (1+«ta)(1+<t,) 

Since « is a very small quantity, square or higher powers of X may 
be neglected. Expansion of (1-+%¢,)-* binomially up to two terms, we: 
have (1+%¢,)"*=1—4ts, so that 


P= (+40) -«t)9 1- (ta t5) - «36,1, 


Neglecting terms containing powers of higher than the first, we 


derive le — lll (65 —t1)4}. (14.1) 
Or, [etos PA w SA (14.2) 
1, (ta =t) MIL 


This expansion is similaris the one in (13.1) except that original 
length is taken not at 0°0. Thus if coefficient of linear 
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expansion of a solid be taken’ to be very small, it isimmaterial whether 
the original length is measured at O°C or at the room temperature. 

15. Determination of the Coefficient of Linear Expansion of a 
Solid by Pulli ger’s Apparatus—The apparatus consists of a steam 
jacket J (Fig. 14) held vertically in a suitable frame 
F. The ends of the jacket are closed by rubber 
corks, It is provided with inlet and outlet tubes 
for steam and with two other side tubes for inser- 
ting thermometers T,T. The material of which the 
coefficient of linear expansion is to be determined, 
is taken in the form of a rod R about a metre in 
length. It passes into the jacket through the top 
aud stands vertically inside the jacket. The lower 
end of the rod rests firmly on a slab of marble or 
glass or on a vertical pivot fixed to the base board 
of the apparatus and is thus prevented from expand- 
ing in the dowaward direction. The upper end of 
the rod, which is free to expand, passes just outside 
the jacket and projects through a hole in a glass 
plate G placed horizontally at the top of the frame. 
A spherometer is placed with its three outer legs 
ou the plate G, while the central leg passes 
through the hole aud can be screwed down to 
touch the upper end of R. 

The rod is taken out and its length is measured ‘ 
at the room temperature with metre scale. It Fig. 12 
is then placed in position in the jacket tube and 
after some time its temperature is noted from the thermometers, If 
the two thermometers give different readings, the mean of the 
readings is to be taken which gives the initial temperature. ‘The 
spherometer is now placed on the plate G and its central leg is 
screwed down just to touch the upper end of-R. The reading of the 
spherometer is noted and the eentral leg is screwed up to make room 
for the rod to expand. Steam from a boiler is now passed through the 
jacket J. The temperature inside gradually rises and finally becomes 
constant, as would be shown by the thermometers, If, the steady 
temperatures as recorded by the thermometers, show slightly different 
readings, the mean of the two temperatures is to be taken as the 
final temperature. After waiting for some time in order to be sure that 
the rod has attained a constant temperature throughout, the central 
leg of the spherometer is again screwed down just to touch the upper 
end of Rand the reading is noted. The difference between the two 
readings of the spherometer gives the increase in length of the rod 
for the rise of temperature during the experiment. x 

Let the initial length of the rod be =} 
increase in its length, as given by the spherometer =e 
and initial and final temperatures of the rod respectively =t1° and;tg°C, ' 


i — 0: 12 
Then from (14.2) it follows that < EAN 


Pi 1/H—2 
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Instead of & solid rod a hollow metal pipe with closed ends and 
having arrangements for circulating steam within it is sometimes 
used, On its outside the pipe is covered with non-conducting 
substance (such as felt or flannel) so as to prevent much heat from 
being lost. The expansion of a solid rod or a hollow pipe of the same 
length and of the same material is the same. To know the instant of 
contact between the rod and the spherometer, one terminal of an 
electrical battery is sometimes connected to the rod, while the other 
terminal is connected through a galvan:meter to the spherometer. 
So long as there is an air gap between the central leg and the rod, the 
electrical circuit is not complete and the galvanometer shows no 
deflection. But the moment the two are just in contact, there is a 
deflection in the galyanometer. The sperometer is then read. The 
rest is similar to the experiment mentioned above.* 


Co-efficients of Linear Expansions of Solids 
(Mean Coeficients per °C between 0°C and 100°C) 


Invar ...0 0000009 Nickel -..0'0000130 


Glass «..0*0000089 Copper --.0 0000167 
Platinum ...0°0000089 Brass --.0 0000189 
Bteol +-.0°00001 10. Aluminium --.0'0000238, 
Tron +0 0000116 Zinc *..0*0000298 


16. Travelling Microscope Method—This is @ very accurate 
method of measuring a small change in length or comparing two 
lengths which are nearly equal to each other. Hence this is some- 
times called the comparator method. The specimen, whose linear 


Fig. 13—Comparator Method 


expansion is to be measured, is taken in the form of a rod or a pipe 
In Fig. 13. P represents a hollow pipe nearly one metre in length $35 
closed at two ends by corks or rubber stoppers. Hach stopper is 
provided with two holes, through which a thermometer and an inlet 


eo eee 
*For further details of the exp 


eriment, vide J, Sn" 
Practical Physics, vide J. Chatterjee’s Fundamentals of 
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glass pipe may be introduced. There is an exit pipe fitted at the 
central part of the pipe. The pipe with its equipments may be placed 
in a horizonatal position on two blocks of wood. 


Two microscopes M, and Mg, which may be slided over a horizon- 
tal metal scale S, carry two verniers V, and Vs or micrometer screws. 
Slight lateral movement of either microscope may be accurately 
measured with such attachments. Two marks A and B are made at 
the ends of the pipe. Thermometers and pipe fittings are made ag 
shown and the inlet pipes are connected through rubber tubings to 
a boiler containing water at the room tempearture. To the nearest 
millimetre the length between the two marks A and B is measured 
with the scale S or any other metre scale. Let the length so read 
at the room temperature /4"C be 1 em. The microscopes are then 
focussed on the marks and their positions are read accurately with 
the vernier attachments. Suppose the respective initial readings of 
the microscopes are O, cm, and C; em. 


Then the boiler is heated. Steam on being formed circulatesthrough 
the pipe and passes out through the exit. Thermometers record a riso 
in temperature When they record a steady high temperature such as 
ta O, the microscopes are slided properly and the marks are again 
focussed. Let the new readings of the microscopes be C, cm. and 
C, em. respectively, Then the elongation on one side is (O5—O,) 
‘em. and on the other side (C, — O,) em. Thus the total elongation is 
the sum of the two. Let it be z cm. 


Then the Coefficient of Linear Expansion <=——"—._..(16'1) 
Uta ~ta) 


17. Coefficient of Superficial Expansion—It is defined to be 
the increase in area per unit area of a surface for a. rise of temperature 
of 1°C, 


Let the original area of the surface at 0°C be =o, 
and the area of the surface at 4^0 =8, 
and coefficient of superficial expansion of the solid =6, 
Then, by definition, B= x 07.1) 
So Be— So = Soft, or Si=So(t + Bt). 17:2) 


Relation between 4 and f— Consider a square lamina ABCD of 
a homogeneous solid of side lo em. at 0°O (Fig. 14). Then its area at 
O'O is given by S8, —1,?. At t'O let the square assume a larger shape 
as given by AEFG, Then the increase in area is given by the shaded 
part BODGEE, 

At t°O, the length of each side becomes — llo (14-«1). 

`. the area at ¢°O is given by Si toL). 

Again, considering the area as a whole, — S:—83(1-- ft). 
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Now as « is very small, we can neglect powers of x higher than 
the first. 
Hence, So (1-82) {lo (1--4)]* — 19? (1+2). 
.. since S, —1,?, 1+6t=14+2%0 or, B—2«. (17,3) 
Thus the coefficient of superficial expansion 
=2x (coefficient of linear expansion), 

It is evident from (17'3) that if the coefficient: 
of linear expasion of a solid be known, its 
coefficient of superficial expansion may be readily 
found. For example, the coefficient of linear 
expansion X for brass is 189x107" and if æ 
certain brass surface of unit area be raised to 
100°C, its actual area (1+<«t)* becomes 
equal to 10037835 The quantity (1--2«/) is 
equal to 100378. These two values are equal 
p Lc up to the fifth place of decimals. Thus here also, 
Fig. 14 as is to be expected, B — 2«, 


18. Coefficient of Cubical Expansion of Solid—It is defined 
to be the increase in volume per unit volume of a body for a rise of 
temperature of 190. Tet the original volume of the body at 0°C be 
Vo, the volume of the body at #°C be V, and the coefficient of cubical 
expansion of the solid be ?. 


UTD ON TE u- Yo à (18.1) 
o 
C. Ve= VotVort, or Ve=Vo (14-71). ...(18.2) 


Relation between * and 7— (Consider a cube of substance, 
the length of each side being lọ em. at 0?O. If Vo be its volume at 
0°0, Vo=lo® 


At i*O the length of each side becomes 1; —1,(14- «t). 


<. the volume at ¿°C is given by V= yt). 
Again, taking the volume asa whole, V;=V.(1+7%). 


Neglect, as before, powers of < higher than the first, inasmuch 
as X is very small, Hence a's 
Vol1+7t)= (lo(1--«0))* =1,°(1+34i). 
Jy since Vo—1,*, 1- yb 1-- $1, or, y—3«. (18,3) 
Thus the coefficient of cubical expansion 
=3 X (coeff. of linear expansion). 

It is evident from (18'3) that the coefficient of cubical expansion 
of a solid can be calculated, if the coefficient of linear expansion is 
known. Itis to be remembered that for a particular rise of 
temperature a hollow body and a solid one of the same material 
and of same shape and volume increase by equal amount. 


Tf the initial temperature of the solid be #,°C instead of 0°C and 
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df V4, be the corresponding volume, it can be established exactly as 
án (14.1) that the volume Va at ta is given by : 
ys 7 Vill t+? tat} (18.4) 


VERN. 
whence ?== ne 
i Valts =i) 


Examples $ 


1, The longth of a copper vod at 50°C is 200°166 cm.and at 200'0 it is 
200'664 om. Fiadits length at Q'O and the coeficient of linear expansion of 
copper, 

‘Ans. Tet the length of the rod at0°O bel, om. and the coeflloient of linear 
expansion of copper be &. 

Then Zo (14-50%) =200°165 and lo (1-+200%) — 2007664. 

ae 1+200x 900664 e 
On divis ee 5 «4 =0'0000166. 
n division, ixB50« 900166 whence 
Substituting the value o! €, 1, (14-50 x 00000166) — 200108. 
whence the length l —200 cm. 


2. Railway lines are laid with gaps to allow for expansion. If the gap botweon 
stael lines, 66 ft. long, is 0'5 inch at 10°C, at what temperature will the lines just 
touch? (Coefficient of linear expansion of steel is 11x 107*). 

[C. U.—1958 ; Gau. U.—1951] 

Ans Bach line can expand *95 in, at each end making a total elongation of '5 
in, In order that consecutive lines may just touch other. 

Now, elogation="5 in. =0416 ft. à 

If tho required temperature be (^O, we find 

66 x 11 x 107* x (£10) 20416, whence the temperature ¢=67°3°O. 

3. An iron ring, which is 1 ft. in diamater, is to be shrunk on a pulley which is 
1'005 ft. in diameter. If the tomperature of the ring is 10°C, find the temperature 
to which it must bs raised, so that it will slip on the circumference of the pulley 
(Coefficient of linear expansion of iron —- 0000012). 

Ans. Tbairon ring of diameter 1 ft. has & circumferencial length of TX1lor 
aft. Inorderthat it can just fit ona pulley whose circumferencial length is 
7X1005 ft., the circamferencial elongation of the ring would be (1005-1) = 
TX'005 ft. Now the elongation must be brought about by a change of temperature. 
Let the required temperature be 1C. 


Thus «x 1x 000012 X (1-10) == x 005, 


whence the desired temperature t= (8200-10) =426'6°C 


14 
4. A zino roã is measured by means of a brass scale, which is correct at 09?C, 
and is found to be 10001-metre long at 40°C. What is the real length of the rod at 


090* (Moan coefficient of linear expansion of zinc is +000029 and of brass is 
000019 per degree C.) (Nag. U.—1961 ; Utkal U.—1964] 


Ans, A«the brass scale is correct at 0°C, 1 metre of the scale at 0°O would be 
(1+°000019x 10)m, or 1:00019 m. at 10°C. Bat 100019 m. is apparently read by 


the scala at 10°0 as 1 m. Hence the apparent reading of 1'000 m. at 10°G would 
correspond to (1:000 1-- 1700019) m. or 1:00229 m. in the correct scale at 0*C. Thus 


the length of the zine rod at 1090 is 1:00029 mstres. 


a 
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Tf the length of the rod at 0°C be lo then by the stated condition, 
Je (1+ *000029 x 10) = 1700029, or, 7, x 100029 = 1-00029. 

whenee the length J, =1 m. 

5. An iron seale is correct at 0°C and the length of a zinc red as measured by 
the scale is 100 em. when both the scale and the rcd areat0°C, What will be the 
length of the zinc rod as measured by the iron scale when both of them are at 100°C, 
the coefficient of linear expansion of iron and of zinc being '0t0019 and ‘000026 
respectively per degree centigrade ? [Pat. U.—1952] 

Ans. At0"O the length of the zinc rod=100 em, 


At 100°C the true length of the zinc rod =100(1+-'00002 x 100) cm. When the 
zinc rod is measured with an iron scale at 100°C, each centimetre of the scale at 
0°C becomes (1-000019 x 100) em. at 100°, Thus each true centimetre length at 


o 1 DAF 
100°C would apparently read T0012 cm, ġe., ‘9988 cm, 


+. the required length of the zine rod at 10090, which is 100:96 cm., would 


be apparently read by the iron scale at 100?0 to be= (10026 x'9988) cm.— 
100'14 cm, 


6. A lump of iron has a volumef of 10 cu, ft. st 100°0, Find its volume at 
25°0, (a for iron=0'000012), 


Ans. We have y for iron =3a=0:000036. 
Let the required volume at 25°C ba V, eu. ft, 
Hence the relation V, =V,{1+7(t.—¢,) leads to 


V.(1--07000036(100 —25)) — 10 
whence the required volume V47:9'97 cu. ft. 


19, Practical Cases of Expension of Solids— The expansion 
or contraction of solids due to temperature variation is practically 
utilised in a number of cases, In laying down rails on a railway 
track, small spaces are left between consecutive rails in order to 
allow room for expansion when they get heated. The slots in the 
fish-plates serve the same purpose. To allow for contraction in 
winter the telegraphic wires are given enough gap. The metallic water 
pipes and gas mains have telescopic joints to allow for change in length 
due to variations in temperature, 

In the contruction of an iron bridge, each part is allowed free- 
dom of expansion. The ends of the girders, for example, are not 
rigidly fixed on the supports but are placed upon rollers, so that they 
can expand or contract without causing any strain on the supports. 
The ends of theiron bars in a furnsce are kept free 3 otherwise they 
would bend due to éxpansion on heating. When iron pipes are used 
for conveying hot water or steam, they are fitted with some device 
allowing for expansion and contraction. 

On account of unequal contr 
castings may sometimes crack on 
with thin rim and massive arms, 
more rapidly than the arms an 
latter. A great stress is thus set 
some of the arms. By making the 


If very hot water is poured into a thick-bottomed drinking vessel 
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of glass, it would often crack. As glass iss bad conductor of heat, 
the inner and the outer layers of the thickportion do not rapidly pick 
up the same temperature and so expand unequally, causing the glass 
to crack. Similar effect may be observed when iced water is put into 
a glass tumbler, A vessel of fused quartz would stand quick variation 
in temperature, a8 its expansion is extremely small. 


Sometimes metal wires are sealed into glass vessels for making air- 
tight joints, ¢g.. 1n electric lamps. Ifa copper wire is fused into . 
glass, the glass will crack during cooling, 88 copper contracts more 
than glass. Buta platinum wire can be safely sealed into glass, 
as the coefficient ot linear expansion of the latter is practically the 
same as that of the former. Nowadays for the sake of economy; à 
nickel-iron alloy. called platinite, is used for the construction of elec- 
tric lamps. 


When metal rods or chains are used ‘as measuring instruments, 
temperature should always be noted and a correction applied for any 
variation. The Standard Yard is taken to be the distance, at 
62°F., between two fine marks on gold or platinum plugs inserted 
into a bronze bar kept at the Standard Office. The istandard metre 
is correct at 0°O, 


The diameters of iron tyers of cart wheels are slightly'smaller than 
those of the wheels. Such a tyre is very strongly heated so as to 
be easily put round the wheel. As the tyre cools, it contracts and 
fits tightly upon the wheel. Boiler plates are rivetted with red-hot 
rivets ; on cooling, the revets contract and grip the plates £0 tightly 
as to make the joints steam-proof. Big guns are often made by sliding 
several cylinders one above the other upon an inner tube. Each 
cylinder in a red-hot condition is put round the inner one and on 
cooling fits tightly upon the latter. By these means the enormous 
pressure developed due to the combustion of the powder is uniformly 
distributed throughout the body of the gun. Sometimes à stopper 
sticks tight into the mouth of a glass bottle ; if the bottle is slightly 
warmed at the neck, the neck gets heated earlier, expands and loosens 
the stopper. 

Thermostat is an instrument in which the differential expansion 
of a compound bar of two dissimilar metals is utilised. Ibis used in 
fire alarms and in automatically controlling temperature in 
incubators. In constructing chronometers, watches and clocks, 
arrangements are to be made to avoid the effects of change of tem- 
perature on the time-keeping parts. For such purpose clocks are 
provided with compensated pendulums, and watches and chrono- 
meters with compensatad balance wheels. 

20. Compensated Pendulum—The time T for one complete 
oscillation of a simple pendulum is given by the relation : 


quss, f+. 
g 
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where / stands for the distance from ithe point of suspension to the 
centre of gravity of the bob, and g for the acceleration due to gravity. 


The pendulum in a clock should be so designed that the time 
period may remain constant throughout the seasons. A change of 
temperature affects the length land so also the time period T. 
With rise in temperature l increases: therefore T also increases 
and so the clock goes slow. When the temperature falls, / decreases ; 

. consequently T also decreases, and so the clock goes fast. Hence 
with an ordinary pendulum a clock has a t:ndency to lose in hot 
seasons and gain in cold seasons In order that the clock may keep a 
correct time at all seasons the pendulum of a clock must be provided 
with special devices in order that the e/fectivs length of the pendulum 
remains unaltered in spite of the variations in temperature. Such a 
pendulum is termed a Compensated Pendulum. 


In an ordinary clock pendulum there is a heavy metal dise, 
which ean be slided up and down a rod. There is aamall nut 
screwed at the end of the rod just under the 
dise, As temperature rises, the rod increas- 
es in length ; the dise or the boh moves down. 
80 that the effective length increases. To 
effect compensation inthis case. the nut is 
screwed up a bit so as to raise the centre of 
gravity of the pendulum as a whole to its 
former position and to make the effective 
length constant, When due to a fall in tem- 
perature the rod contracts, the nut is screwed 
down so as to effect the adjustment. Compen- 
sation by this method is not automatic but is 
to be done by trial. In one form of clocks, the 
automatic compensation is accomplished by 
Tig. 15. Fig. 16. the following arrangement : 


Harrison's Grid iron Pendulum — The painciple of this pendu- 
lum may be understood from the following explanation : Let A B and 
OD (Fig. 16) be two rods of different materials and of unequal 
lengths joined by eross-bar BO. The end A being fixed, the rod AB is 
allowed to expand downwards, while the rod OD being rivetted at C 
can expand upwards, If the lengths and the materials of the rods be 
so chosen that for an equal rise of temperature each increases by 
the same amount, the downward expansion of AB equals the upward 
expansion of CD. Hence the lowering of the end B is thé same 
as the rise of the end D, so that the distance between Aand D remains 
constant, whatever be the change of temperatures. 

If the respective coefficients of linear expansion be X and « and the 
lengths of AB and CD be and l5 then for a rise or fall of tempera- 
ture through ¢°C we must have 


lxt=1'44, or, IX — l4 ori s 
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to the respective coefficients oflinear expansion. Evidently, the shorter 
rod CD should be of more expansible material than the longer one AB. 

Tn an actual grid-iron pendulum, the bob is carried by a frame- 
work made of 9 parallel rods (Fig. 15), made alternately of brass and 
steel; there are 4 brass rods (shown by double lines) and 5 steel rods 
shown by single lines) including the central one which carries the bob 
B. The end of the rods are attached to cross-pieces in such a way 
that the steel rods are fixed at the upper ends and can expand down- 
wards, thereby tending to lower the position of B, while the brass rods 
being fixed at the lower ends can expand upwards, thereby tending to 
raise the position of B. For the sake of compensation tbe total 
downward expansion of the steel rods must be equal to the total 
upward expansion of the brass rods. Again, save and except the 
central steel bar, all the bars occur in pairs, AS each pair of similar 
rods made of the same metal and attached to the same cross-piece 
expands in the same direction by the same amount, determination of 
the displacements of the bob demands consideration of the expansion 
of one rod of each pair. 

Let J be the total length of the three steel rods (a.b,c,) as one- 
half of the frame, and l' the total length of the brass rods (de) in the 
same half If the coefficients of linear expasion of steel and brass 
be « and <’, than I4 — (4, : 

sons 4 19%107° 219 
init, MARLO Tee Le 
so that for the sake of compensation, the effective lengths of the steel 
and brass rods are approximately in the ratio 3 12. 

Nowadays the process of compensation is effected more easily 
by having the pendulum rods made of an alloy of steel and nickel 
prepared by M. Guillaum and named invar iinvariable steel) As 
its coefficient of linear expansion is only 070000009, the change in 
length for ordinary variation of temperature is practically inappreci- 
able. Standards of length also are made of invar. Due to tempera- 
ture changes substances like fused quartz and silica also have very 
negligible expansion. Consequently due to sudden temperature 
variations vessels made of these substances have little chances of crack. 

21. Compensated Balance Wheel of a Chronometer or a 
Watch—The motion of the hands of a watch ora chronometer is 

mainly controlled by the vibrating balance wheel, 

the period of oscillation of the wheel depending 

upon its diameter, An ordinary wheel would in- 

craase in diameter when temperature rises, and as 

J a result its period of oscillation becomes larger. 

Hence the watch in hot seasons would go slower. 

The compensation is secured in the following 

way. The rim of the wheel is divided into three 

Fig. 17. sections, each of which is supported at one end by 

a spoke of wheel and carries & compensating mass screwed at the 
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other (Fig. 17). The segments are made of strips of two dissimilar 
metals, the more expansible one remaining outside. 


As temperature rises, the spokes increase in length and carry the 
ends of the respective segments of the rim outwards; but owing to 
the greater expansion of the outer metal of each strip, the other end 
of the segment moves inwards, thus bringing the compensating 
masses nearer the centre. Ifthe wheel is so constructed that out- 
ward displacement of the masses due to expansion of the spokes is 
equal to the inward displacement due the curling of the segments, 
the average diameter of the wheel does not change ; consequently the 
period of oscillation of the balanes wheel is unaffected by changes of 
temperature and the watch keeps right time. 


Examples : 


1. Agrid-iron pendulum is made of 4 brass rods, each of length 50 cm., and 
5 iron rods. Find the length of each iron rod. (Foriron a=0'0000117 and for 
brags x -«0*0000187). 

Ans. On each side of the central iron rod carrying the bob, there are one pair of 
iron and one pair of brass rods; but as the expansion of the rods of the same 
material on either side is the same, 9 iron rods and 2 brass1ods are to be taken as 
doing the compensation. 

Let the length of each iron rods at £, the rise of temperature, be 1 cm. 

Here expansion of 3 iron rods=expansion of 2 brass rode. 

^C 81x 0'0000117 x £22 x 50 x 070000187 xt, 

Thus the 2 is 538 cm. 


2. A clock, which keeps correct time at 25°C, has a pendulum made of brass. 
How many seconds will it gain per day, when the temperature falls to the freezing 
point? (Coefficient of linear expansion of brass is 070000187). 

Ans. Let the length of pendulum at 0°O be 7, and that at 25°C bel. Let the 
corresponding time periods be tẹ and £. 


ee Ji ma [eae 970000187) _ (4.49 0004615 )À 
to [v lo 


—1-F1x 00001075 = 10002337, 


But as at 25°O the pendulum keeps correct time, £—1 sec. and so at this tempe- 


rature the pendulum makes (60x60 24) or 86400 complete oscillations ina day of 
86400 seconds. 


At 0°C the time period is given by t= Spas sec, 


4 the numbor of oscillati d = TER TE 
ons made per day 864007. 005897 86420'2. 
~“. tho clock gains by (86420*2— 86400) secs. =90'2 seconds, 


9. An iron clock pendulum makes 86405 oscillations in one day ; at the end of 
the nextday the clock has lost 10 seconds, Find the change in temperature. 
(The coefficient of linear expansion of iron is 0000117). 

[A. B.—1952 ; U. P, B.—1957 ; Pat. U.—1904] 
Ans, Let the change in thmperature be 09C., 

With the usual symbols fd- a pendulum, /=2r Vijg. 

Let lbethe length and X thetime perioi of a pendulum on the first day. 
Lot l' be the length, and /' theķime parioa on the next day. 

A correct pendulum make} 24x60x60, = 86100 oscillations a-day. > As the: 
pendulum makes 86105 oscilladons on the first day, t=(86400—86405) sec. 
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7 As the pendulum loses 10 seconds on the next day, it makes 86395 oscillations on: 


the day, so that ¢’= (86400-86395) sec. 


i _ 86405 
E 86895 
Ü yr iio a $ 
Now EE CHAD = JTF a0 - (14-40 x 070000111 E 
i ; . 3.86405 
Hence we find (14-0 x 00000117) 86395" 


Solving this equation, the required temperature 9=10°'6 C. 


EXERCISES ON CHAPTER II 


1. Two long fla& pieces of metals, one of copper and the 
other of iron, having the same dimension, are rivetted together 
at the two ends to forma single flat bar. When this bar is heated, 
it bends with its concavity towards the side of jron. Explain the 


phenomenon. 


9. Define coofficients of linear and cubical expansions, Do 
they differ when the lengths are measured in centimetres or 
foot ? (Dac. U.—1963 ; O. U,—1954, '57 ; Of. Nag. U—1956) 

8. Define coefficient of linear expansion. Does it depend 
on (i) the unit of length, (ii) scale of temperature ? (V. U.—1952) 

4. Define the coefficient of linear and cubical expansions of 


a solid.. Show that the latter is three times the former, 
(E. P. U.—1951 | Cf. C. U..—1955 ; P. U.—1962 
Cj. Pat. U.—1962 ; Gau, U.—1961) 


B. The distance between Allababad and Delbi is 390 miles, 
Find the total space that must be loft betweon the rails to 
allow fora change of temperature from 36°F in wintor to 117°R 
in summer. Given expansibility of iron=12x 107° per degree 
centigrade. t 


Ans. 0°21 mile (nearly). 

6. A glass rod when measured witha zinc scale, both being 
at 20°C, appears to be one metra long. If the seale is correct 
at 090. what isthe trae length of tho glass rod at 0°C? The 
Goofficient of linear expansion of glass is 8x 107° and that of zinc 
is 26x 107^. 

Ans. 100'086 om. 

T. The hoight of a barometer appears 
ding to a brass scale which is correct at 09C. Ifthe tempera- 
ture at the tima of reading is 30°C. What is the actual height of 
that mercury column? The coefficient of linear expansion of 


brass is 00000189. How is this quantity determined experi- 


to be 76'4 om. accor- 


mentally ? 


Ans, 76:44 cm. 


8. A steol tyre, 4'O feet in diameter, is to be shrunk on to a 


cart wheel, of which the average diameter is} in greater than 
the inside diameter of tbe tyre. Assuming the coefficient of 
linear expansion of the material of the tyre to be 0°000012, 
calculate the necessary rise of temperature of the tyre in order that 
it may easily slip on the wheel. 


Ans, 217°°020. 
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Art. 12 


Ante. 
13 & 18 


Art, 19 


18 & 13 


Art. 18 


Art, 19 


Arts 
13 & 15 


Art, 18 


28 


"Reference 
Art. 13 


Art, 18 


Art, 15 


Art, 18 


Arta. 
13 & 18 


Arte 15 | 


Art. 17 


Art. 18 


Art, 13 


INTERMEDIATE PHYSIOS CHAP. If 


9. -A man wishes to fit an aluminium ring on a steel rod 
one inch diameter; but it is "001 too small in diameter, How 
much should its temperature be raised before it will just slip 
on? Subsequently he wishes to remove it again; but new he 
has to heat both metals together. Through how many degrees 
mnst this be done? (Coeff. of expansion of aluminium= 
*000010). (Gau. U.—1953) 

Ans, 40?0; 66'T'C. 


10. One end of asteelrod of length 61 cm.is fixed and the 
other presses against an end of a lever 105 om. from the 
fulcrum., On being heated through 50070; the rod turns the 
lever through 2°, Wind the cofficient of linear expansion of 
rod, (90°=7/2 radians). 


ates lnorease 
Hints : 105 
©. inorease in length — (10:5 x 9x &* x 515) om. 0:866 cm, 
Ans. 0'000012 per °C, 


‘ange Xe 1 
ô radians 180 radians. 


11. Describe any method of finding the coefficient of linear 
expansion of a metal rod. 


(Gau. U.—1963: O. U.—1952; Nag. U,—1951, "65; E. P. Ue b. 


—1971) 


19. Compare the density of lead at 100°O with that at—100°O. 
assuming that its coefficient of expansion remains constant 
within these limits cf temperature, (Coefficient of linear expansions 
of lead ='000028), 


Ans. ‘983; 1. 


18. Explain what is meant by the coefficient of linear expan- — 
sion. State the relation it bears with the cosfücient of cubical 


expansion. (0. U.—1948, %68 
14. Describe any method of determining the coefücient of 
linoar expansion of solid. (C. U.—1958 ; P. U.—1969 ; 


Dac. U.—1904; E. P, U.—1900 ; Pat.: U.—1962 ; Gau, U.—1911) 


15. A sheet of brassis 50 cm. long and 10 cm. broad at 
0°, : the area of the surface increases by 19 sq. cm. at 10070. 
Find the coefficient of linear expansion of brass. (V. U.—1955) 


Ans. 19X10-* per °C, 


16. Ths volums of a lead bullet at 07O is 25 c.c, The volume 
increases at 9870 by 0'021 c.c. Find the coefilcient of linear 
expwnsion of lead, 


Ans. 28°6 x 10-® per "C. € 


17. A bar of steel is heated through 9009F and securely fixed 
ateach end while at this increased temperature. What force per 
square inch of section is the bar capable of exerting, when it has 
cooled down to the original temperature, provided that fixings:at 
both the ends remain rigid? Mean coefficient of expansion 
between 32°F and 21297F—67X10-* and the modulus of 
elasticiby =14400 tons per sq. inch. 


Ans. 18°76 tons- wt. 


EXPANSION OF SOLIDS 


18. Two flat circular discs, one of platinum and the otber 
of silver, of equal radius and each 2 mm. thick are securely 
fastened back to back when at 07C, They are then suspended 
in water boiling at normal pressure, Show that they will be bent 
go that they form a section of a hollow sphere and determine their 
radius of curvature, Given the coefficient of linear expansion of 
silver is 18°8 X 107° per degree cantlgrade. 


Ans. Radius of curyature=404 cm. 


19. Describe the effects of varying temperature on the rate 
ofa clock or a watch. Explain how chronometers are cong- 
trusted so as to keep accurate time in spite of changes in 
temperature, (0, U.—1955 ; AM. U.—1962) 

20. Why should the time of oscillation of a clock-pendulum 
change with the rise of temperature ? What arrangement is 
made to make the clock keep correct time both in warm and 
cold weathers? Given that the coefficient of linear expansion 
of brass is 19X10-*, and that of steel 11 X 107°, what must be the 
relative lengths of the bars of the metal used in geia-iron 
pendulum ? 

Ans. 11:19. 

21. What is compensated pendulum ? Explain the prin- 
ciple of construction of Harrison's grid-iron pendulum. 

A gird-iron pendulum is made of 5 iron rods and 4 brass rods, 
Each of the brass rods is 50 cm. in length. Find the length of 
each iron rod. The linear coefficient of expansion of iron is 
12X10-* and that of brass is 18x 107*. (C. U.—1968) 

Ans. 50 cm. 

22. Tho pendulum rod of a clock is made of wrought iron 
and the pendulum swings once per second. If the change . of 
iemperatura is 25°O, find the alteration in the length “of the 
pendulum. (Coefficient of linear expansion of the wrovgbt iron is 
11°9x 107° and g=980 cm./sec*.) 

Ans. 0:029 cm. ? 

29, Write explanatory notes on compensated clock pendu- 
lums and watch balance wheels, Giverdiagrams, 


— 
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CHAPTER III 
EXPANSION OF LIQUIDS 


22, Expansion of Liquids—Like solids liquids also expand 
when heated. Butas liquids have no 
definite shape of their own but have fixed 
volumes, they possess volume or cubical 
expansion only. Expansion of a liquid, 
therefore, always means cubical expan- 
sion. For agiven rise in temperature 
different liquids expand by different ex- 
tents. Fig. 18 represents a number of 
glass bulbs A,B C, etc., of equal capacity 
each being provided with athin stem 
and fixed vertically in a suitable frame 
V. All the bulbs are enclosed in atrough 
at the base of the apparatus, Different 
liquids are poured to the same height 
into the bulbs at the room temperature, 
Fig. 18 so that they occupy equal volumes at 
this temperature, Into the trough hot 
water is now poured, so that each liquidis heated equally. But 
the rise of level in different vessels is different. This shows that 
expansibility differs with liquids. For an assigned rise of temperature, 
the volume expansion ofa liquid is generally more than that of 
ia solid. 

Real and Apparent Expansions—The expansion of the liquid 
‘due to a rise of temperature is always accompanied by an expansion of 
the container. Take a large glass bulb provided with a 
Jong stem of uniform narrow bore (Fig. 19). Fill 
the bulb and a part of the stem up to A witha 
liquid. Ifthe bulb is now suddenly immersed intoa 
‘bath of hot water, the level of the liquid momentarily 
comes down toa level Band then gradually goes up to 
G higher than A. Thisis so, because as the heat is 
supplied from outside, the vessel is warmed earlier than 
the liquid. The capacity of the vessel being increased, 
the level of the liquid falls. The heat then passes into 
‘the liquid which ultimately attains the temperature of 
the bath. As liquid is more expansible than glass, its 
Jevel finally rises above A. Ia fact, we observe the 
expansion from A to C; the volume AO, therefore, 
measures the apparent expansion of the liquid. Fig. 19. 
Ifwe make & simple assumption that the vessel has first attained 
the temperature of the bath without importing any heat to the 
liquid contained and then the liquid has been warmed up to the 
&emperature of the bath, then for the given rise of temperature the 
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volume BC measures the real expansion and AB measures that of 
vessel, Figure 19 shows that AC— BC — AB. 


Apparent expansion= Real expansion— Expension of the con- 
taining vessel, 
ie, Real expansion=(apparent expansion)+(Hapanston of the 
container 
23. Colficients of Real and Apparent Expansion—The co- 
efficient of real (or absolute) expansion of a liquid is defined to be the 
ratio of the increase in volume (of a liquid for a rise through 1°C) to 
the original volume. If Y be the coefficient of absolute expansion, then 
= real expansion 
(original volume) X (rise of temp-rature) ' 
The coefficient of apparent expansion of a liquid is given by 


y= observed expansion of the liquid 
(original volume) X (rise of temperature) 


ý Relation between 7 and 7/— Suppose that the stem of the bulb 
in Figure 19 is graduated. Let the liquid stand at A when its tem- 
perature is 0°C, and let the level come to O when the temperature 
rises by (^C, Let Vo be the volume of the liquid up to A at 0°O, and 
v, V1 Wa the volumes represented by BC. AC and AB respectively. Let 
Y, ?' be the respective coefficients of absolute and apparent expansions 
of the liquid. Denote the coefficient of cubical expansion of the 
material of the vessel by Yo. 

Then, for a rise of 190, v=Vo%, 9, =Vor't and Vg=Vo"ol. 
Now since v =v; +a, it follows Vo?t— Vo? t Vorote i 

Hence Y=7'+7o. 

Thus the coefficient of real expansion = («cefficient of apparent expan- 
sion)-- (coefficient of cubical expansion of the material of the vessel). 

24. Determination of Coeficient of Apparest Expansion of 
a Liquid— 

The Volume Dilatometer Method—Sppose the volume of the 
bulb in Figure 19 is known and the stem is graduated in equal divi- 
sions. The bulb and a part of the stem are filled with the given liquid. 
The bulb is then kept for some time ina bath at 0°C. From the 
position of tve liquid surface the volume at 0°0 is obtained. The bath 
is then raised to a fixed higher temperature, say, 1^0, and the position 
of the liquid level at this temperature is noted again. 

If the area of cross-section of the stem be € sq. em. and the dist- 
ance, through which the liquid column moves, be l em, the increase in 
volume is [4 c,c. 


,_ Ik 
Neglecting theexpansionof the bulb, ” Vat? 
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The volume of the bulb can be measured at any temperature by 
weighing the vessel empty and then again weighing the bulb filled 
with mercury at the same temperature. The 
difference in weights gives the mass of mercury 
occupying the volume of the bulb. Dividing 
this by the density of mereury at the corres“ 
ponding temperature, we obtain the volume of 
the bulb. 

The Weight Thermometer Method— 

The woight thermometer consists of a glass bulb 

provided with a short bent capillary stem 

(Fig. 20).). The bulb is at first cleaned, dried and 

carefully weighed empty. The nozzle of'the 

bent tube is kept under the liquid under experi- Fig.—20. 
ment. By a process of alternate heating and 

cooling, it is completely filled with the given liquid, When quite full, 
the bulb is kept immersed for some time in a water bath (say, at the 
room temperature) with the open end still under the surface of the 
given liquid until the contents of the bulb acquire the temperature 
t,°O of the water as noted by a thermometer. The weight thermo- 
meter is then removed, gently wiped dry and weighed again. It is 
now placed in the water bath which is kept well-stirred and gradually 
raised to a higher temperature. The temperature of the bath is kept 
constant for some time at some higher temperature 1,90. The liquid 
in the bulb expands and a portion of it is forced out. The apparatus is 
then remeved from the bath, gently wiped dry, cooled to the initial 
temperature and weighed again As a matter of course, however, the 
liquid, that remains in the bulb, contracts to a smaller volume, 

Let the mass of the weight thermometer, when empty, be =W gm., 

its mass when filled with liquid at ¢,°O =Wium. 
and its mass with the liquid left at 1.90 — Wgm. 
The mass of the liquid filling the temperature at /, ^O 
à —(W;-Wz)gm.—m, gm., say. 

Also the mass of the liquid left in the thermometer at tg°C 

=(W.—W) gm.—ms gm., say. 

Neglecting the expansion of the weight thermometer. we 

find that the volume occupied by a mass of mı gm. of the liquid at 
1,90 is the same as that occupied by m gm. ab ta’. 


Let the density of the liquid at t,°C. be Ep? 
Then the volume (of mass mı gm,) of the liquid at 4,0  —m4/P 
snd aoh (of mass ma gm.) , w  abtg*0- —msjP. 


Hence a volume ma/P of the liquid .at t4°0 occupies l p 
when raised to £,9O, S cap MM 


the apparent expansion between /, C and £,9C is— 7:1 — "8 
gage ai top. 
ca Ma 
P 
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Hence the coefficiant of apparent expansion of the liquid is 
given by 


7)3 — Ma 
rae P Lama ‘ 
y = s + A24'L 
uL Lx ma(ta—ts) ( ) 
P 
Thus 7 — mass of liquid expelled i 


(mass remaining) X (rise of temperature) 
As the coefficient of expansion is obtained directly from different 
weights, the method is known as that of weight thermometer. This 
method is not suitable for volatile liquids. 


Examp:es $ 


1. A weight thermometer containing 100 gms. of mercury at 0"O is put ina 
liquid bath, when 4 gms. of mercury flow out. What is the temperature of the 
bath, if the apparent coefficient of expansion of mercury is ‘00018 ? 


Ans, W ra M TP. = __4___ana y'= "00018, 
nS. e know 7 "usn d90—42)0,-0) ^ T 18, 


4 4 
^ — ='000 r ia m —— M. 
95x7, 00018, o fa 55, oor 
Using logarithms, log 4=0°6021 ; 
log 96=1'9823 06021 anti-log 2'3645=231'5 


T2553 | 93376 + the reqd. temp. ty of bath=281'5°O 


log ‘00018 = © 
42376 | 23645 


9. Aglass weight thermometer has a mass of 6'34 gms. when empty and 153'81 
gms. when fille! with mercury at 09O. It 2'08 gm:. are expelled when it is heated 


to 100°G, find the coefficient of relative expansion of mercury in glass. 
(Raj. U.—1962] 


‘Ans. The mass of mercury with the bulb at 090 (15981— 0:84) gms. —147*47 gms. 
=2'08 gms. 


and the mass expelled at 100°C 
and the mass samaletng within the bulb (147747 —2*08) gms =145'39 gms. 


Hence the apparent expausion y' for mercury per degree centigrade 


3708. 22:000143. : 


. 14589 x 100 
8, What must be the radius ofa cylindrical balb of a thermometer Of length 
1om., in order that the distance between successive dogree divisions may be equal 
tolmm.? The internal diameter of the capillary is 0'1 mm. and the coefficient of 
expansion of mercury is 0700018. [M. B. B.—1972] 
Ans. This isa case of expansion of mercury in a vessel which is the thermo- 


moter itself, So itis a question of apparent expansion of mercury ; but as the 
coefficient of expansion 3 the containing vessel is not supplied, the value 0'00018 
should be taken as the apparent expansion of mercury within the thermometer, 

Lat the radius of the cylindrical bulb ber cm. Then the volume of the bulb 
at 0°0 is (nr? x 1}=rr? c.c. If for 190 rise of t'mperature, the mercury thread 
moves through 1 mm, in a bore whose radius is ‘05 mm., the expansion in volume 


is {r x (7005)? x *1) c.c. 
Pi. 1/H—8 
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On equating, we get rr? x '00018—7 x ('005)* x1, 
y am 

or, r* "lere X107?, whence the requisite radius r —'118 cm. 

4. The coefficient of cubical expansion of glars and mercury being 25x 107* and 
18x107" per degres centigrade respectively, what fraction of the whole volume ofa 
glass vessel should be filled with mercury in order thatthe volume of the empty 
part should remain constant when the glass and mercury are heated to the same 
temperature ? [Gau. U.—1962) 

Ans. Let the total internal volume of the vessel at 0°C be V, and the volum 
filled with mercury be v. 


Then the requirod traction is = 
o 

At £°0 the volumo of the vessel — Vo(1--7£) 2 V o (14-25 x 107" xt) 

and volume of mercury —v(1--18 x 1075 x t). 

“the volume of the empty part V o(1--25 x 107* x £ —e(14-18x 107^ xt) 
=Vo—U+(VgX 25x 10° —vX 18x 1075)t. 

As the volume of the empty part is to remain constant being equal to the 

volume V, —v, we got 


Vo— vt (Vo x25x107*—vx18x1075)t—- V,—v, 
or, V,X95x10-*—vX18x10-*—0, whonce -> 


This gives the required fraction. 


25. Effect of Heat ou Density—The density ofa body is its 
mass per unit volume, When a body is heated, it generally expands 
in volume. As the mass remains constant, the density must decrease 
with a rise of temperature. 

Let the volume and density of a mass M of a liquid be Vo and Po 
at 0°C, and Vz and pz when raised to ¢°O, 

Then VoPo=M=ViP:= Vo (1+7) Pi B 

on Pp5-Pdl-»t) .. (95.1) 
whence Pu po(1--YL) * —P,(1—»0, neglecting terms contain- 
ing higher powers of ». 

Thus : Pt=Po(1— 7t). ...(25.2) 

The equation shows that density decreases as temperature rises. 


From (25,2) it follows p=22 ®t, 
Po Xt 


If the „temperature rises from t, to ta and if P, and p, be the 
corresponding densities, then 


Pa=p; {1-r(ta—ty)}, whence y=—"2—"2 , (26,8) 
e P. alta = t,) 
vara by rae pE me densities at two different temperatures i; 
and ts, the value of the coefficient of cubi i 
ra i tust cubical expansion ? can be 
Examples : d 


1, The density of mercury at 20°C is 13'546 and its i i 
coeffi 

expansion is 0'000182. Find the mass of 500 c.c. of mercury ab SOC. BT 

the volume of 500 gma. of mercury at thls temperature, 
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Ans. Let the density of mercury at 80°C be p’ gms./c.c. 


13°545Xp’ — am 
From (25.8) 5 15 x (80—3 545 x (80—20) 0000182, whence p’=13°398, 


.", at 80°C the mass of 500 c.c. of mercury = (18:398 x 500) gms. —6699 gms. 
Abo , volume ,, 5 = (500/18'4) c.c. —37:8 c.c. 
2. The density. of mercury is 13'6 gms.[c.c. at 0°O and at 100°O it is 13:85 


gms./c.c. Calculate the coefficient of absolute expansion of mercury. 
[Utkal U.—1959] 


Ans, In the standard formula (25, 2) pat po =13'6 and p, —18 95. 


Then per "C, pope Sed Oh Set es “25 2184x104. 

186x¢ 136x100 18 

3. A cylinder of iron, 80 om, long floats vertically in mercury at O*O. Oaloulate 

tho increase in depth to which the cylinder sinks when the temperature is raised 

io 100'0. Density of mercury at 0°O=136 gm.[em?. ; density of iron at 0°O=7'6 

gm./cm.* ; absolute coefficient of expansion of mercury =1'82x 1074 por deg. C, and 
coefficient of cubical expansion of iron=3'51 X 107* per deg. 0. 


Ans. Lot the radius of the cylinder at 0°C ber cm. Then the volume of the 
oylinder= (rr? x30) c.c. and it: mass is— (volume) x (density) ^ zr* X80 X T' gm. 
Tho cylinder displaces its own mass of mercury and if l cms. be the depth of the 
cylinder below mercury, the mass of mercury displaced is (LX ar? x 13'6) gm. 

Hence 1x rr? X 19/6— r3 x 90 X T6, whence ix 6 1677 


Now at 100°C the density of iron — T6 x (1— 3°51 x 107* x 100) gm.[om.* 

—T'6 x ‘99649 gm. Jem." 
and at 100°O density of mercury =13'6 x (1— 182X 107* x 100) gm./cm.* 

=13'6 x '9818 gm./om?*. 
Per deg. C, the linear expansion of iron —3'51x 117 8—117X107*. 
A length of 30 cm. at 0°O becomes 30 x (14-1717 x 107* x 100) cm. 
_ —- (80x 1700117) cm. 
‘Now if the depth of the cylinder at 10090 be l, cm. and its radius be 7; om, 
then |, Xar," X13'6X '9818— 77,* X90X 100117 X 7:6 X 09649, 


. . 80x 100117 X7'6 X'99649 _ 17 03 
wu 13°6 x 9818 
"To calculate 2, we consult the logarithmic table as below. 
log'80 =L4771 log 18:6—1:1395 anti-log 172313 
dog 1'00117 = :0005 log '9818-—:9921 =17:03 
log 76 = '8808 —T1356 
log '99649— 1 9985 9:3569 

9:359 | 11956 

12318 

=1) em. = (17:03 — 16°77) cm. —'26 cm. 


;'. the height submerged —(!, 


* 96. Determination of Coefficient of Real (or Absolute) 
Expansion of Liquid—(1) Indirect Method—1f the coefficients of 
absolute and apparent expansions of a liquid by ? and y' and if the 
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coefficient of cubical expansion of the material of the containing vessel 
be 75, then from (20,9) we get 
ycy +70 

Finding ? by any of the methods given in the last article and 
taking ”g as thrice the coefficient of linear expansion of the material 
of the vessel, we can calculate 7. It should, however, be noted that 
since different samples of glass have differenti expansibilities, the value 
of y as calculated from Yg is not very accurate. 

(2) Dulong and Petit’s Method —The coefficient of absolute 
expansion of mercury can be directly determined by this method., 


In its simplest form the apparatus consists of a glass tube open 
at both ends and bent twice at right angles in the form of a U-tube 
ABOD, (Fig. 21), of which the limbs AB and CD are vertical and the 
portion BO is horizontal. Hach vertical limb is jacketted by a wider 
glass tube. The ends of each jacket 
are closed by cork, through which the _,__A 
vertical tube passes. The jacket tubes Stzam 
are provided with outlets af the top 
and at the bottom. Thermometers are 
inserted through holesin the upper cork. 


‘Mercury is poured into the U-tube | 
so that its level, equalin each limb, is i 
just visible above the jacket tube. One ! 
of the jackets, say OD, is kept filled | 
with a stream of ice cold water enter- i 
ing at the lower end and going out 
through the upper outlet, At the same 
time steam is passed into the other 
jacket, which enters ab the upper end ^ 427 
and passes ouf through the lower outlet. 

To prevent the passage of heat from Fsg. 21. 
the hot limb to the colder one, BO is kept covered with a piece of 
cloth or blotting paper moistened with cold water. 

A difference of temperatures is set upin the liquid in the two 
limbs. The level of mereury in the limb AB is found to rise above 
that in CD. When the liquid columns have attained stead, positions, 
the heights of the mercury levels in AB and OD above the axis of the 
horizontal tube BC are measured and the temperatures in the two 
limbs are noted. : 

Let the heights of liquid column in AB and CD 

=h: and ho respectively 

temperatures of liquid in AB and CD =t and 0°C : E 
densities of mercury at 1^0 and 0? C =P; and Po 

and the coefficient of absolute expansion of mercury=?. 


Then at B the pressure=P+gPiht and at C the pressure=P+ 
gPoho Where P is the atmospheric pressure, ers 


4--- ~- T -= -=.> 


B E 


> 
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As BG is horizontal; pressure at B=pressure at C. 

^C P+gPthy= P+gP oho, oF Piht — P oho. 

Now by (25,1) po=p(1+7t) and here=hoP(1+7t), 
hi— ho 

E E Ee ...(86 
hot (26,1) 
The increase in level is independent of the dimension or the 

expansion of the material of the vessel. In the laboratory, instead 
of water at 0°C, water at room temperature is generally used. This 
demands modification of calculation, Let the heights of the cold and 
the hot columns be fa and ha respectively. Let the corresponding 
temperatures, at which the densities of mercury are P, and Ps 
respectively, be tı and ta, 


whence hoYt=ht— ho, or = 


hP. heP 
Then gP hı — ghshas of poe Se 
en gP hı — gP afia oe. Ot. 


E UE yt) S ha (L+7ta), or (Naty —Rats)=ha Tta 
ha—h 
whenc y= ts 7. . (26,6, 
nd fila iat ) 
It is to be noted that Dulong and Petit's method gives the real 
expansion of the liquid, whereas a weight thermometer (or a dilatome- 
ter) gives apparent expansion, 


Example : 

In an experiment performed by Daloni 
eold and hot columns 0! merenry are found t 
If tho first column is at 0°C, find the temper 
18'2x 10-5). 

Ans, Let the required temperature be (°C, 


from (26, 1), 922=90°6 “39:9 1075, whence £=97°C (nearly). 
9g0'6xt 


g and Pelit's method the heights of the 
> b» 90:6 cm. and 92'2 cm. respactively. 
ature of’ the other (y for mercury = 


Table of Coefficients of Real Expansion of Liquids 
(mean value per °C between 10°C and 32°C) 


— 

| Water  (40®—100°) _...0°00058 Aniline ...0 00085 
Mercury : ...0700018 Terpentine «4.000094 
Glycerine ...0 00058 Ethyl Alcohol ...000190 
Olive Oil ,..0 00070 Methyl Alcohol ...000122 
Benzene ...0. 00124 Paraffin Oil +..0 00090 


27, Anomalous Expansion of Water—We know that liquids 
expand on heating and contract on cooling. But in the case of 
water some anomaly is observed. If from the room temperature 
4 quantity of water be gradally cooled, the volnme decreases until 
the temperature falls to 4? O. If the temperature is further lowered, 
he volume instead of diminishing increses. Water, therefore, 
©ezupies the smallest volume at 4°6 and has consequently the 
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maximun density at this temperature. This can be shown by either 
of the following methods. 

Constant Volume Dilatometer—'This consists of a glass 
vessel with a cylindrical bulb and a long graduated stem of uniform 
narrow bore (Fig. 22). In 
the bulb is put a quantity 
of mercury whose volume 
is one-seventh thecapacity 
of the bulb. As the coeffi- 
cient of cubical expansion 
of mercury is nearly seven 
times that of glass, it 
follows that for any 
change of temperature the 
expansion of the vessel is 
equal to the expansion 
of the mereury contained. H 
Hence inside the vessel ui Steed 
the volume, being indpen- Fig, 22. Fig. 23. 
dent of a change of temperature, remains constant. 


Into the dilatometer a quantity of water is put so as to occupy & 
certain level in the stem. The bulb is now placed in a water bath 
maintained at 0'O. The temperature is noted with a sensitive ther- 
mometer placed inthe bath. When the position of the water column 
in the stem becomes steady, the volume of the water is noted. The 
temperature of the bath is then raised slowly, water being well-stirred. 
From the position of the water level in the stem the volume of the 
water at the corresponding temperature is noted. 


If on a graph paper the yolume be plotted against the esrresponding 
temperature, we get a curve, asin Figure 93. From the griph it 
is evident that as the temperature rises from 0°O, the volume of the 
water ab first dereases, becomes minimum at 4'O and then goes on 
increasing for further tise of temperature. At 4°C, therefore, the 
volume of a given mass of water is minimum and so the density is 
maximum. It may be noted that exactly 1 cc. of water at 4'C has 
a volume of 17000127 c.c. at 0'O and 1000265 e.c. ab 10°C. Hence 
the variation in volume with a change of temperature is very small. 
It should he noted that due to the anomalous expansion of water 
between oo and about 8°C or 9°C, it cannot be used a thermo- 
metric liquid in this range, since in a thermometer we require & 
regular expansion of a liquid with temperature. It is possible to 
construct a water thermometer beginning from 8° or 9°C, although 


such a thermometer has some other troubles such as capillary action, 
vapour pressure, etc. 


Hope's Experiment 


T mor OT 
FEMPERATYAL INT c 


1 — The apparatus consists of a tall glass eylinder 
G (Fig. 24), closed at the bottom and surrounded at the middle by a 


wide circular trough J, The cylinder has two lateral openings (one 
near the top and the other near the bottom) closed by corks, through 
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which thermometers T: T are inserted horizontally. The cylinder is 
filled with water previously cooled to about 10°C, and the trough J 
is packet with a freezing mixture of ice and salt. 


Time (Minutes) — 


Fig, 21— Hope's apparatus Fig, 25 

From time to time the thermometers T,T are observed. Just at 
the beginning the two give practically the same reading. The lower 
thermometer then starts to fall and gradually comes down to 4°O at 
which it remains stationary. During all this time the reading of the 
upper thermometer remains practically unchanged. After some time ib 
begins to fall gradually and comes to 0°O. If the cooling i$ continned 
for a long time small erystals of ice are found floating on the surface 
of the water, while the lower thermometer remains steady ab 4"O. 
After a sufficiently long interval the lower thermometer records a fall 
of temperature from 4^0. This is an indication that water possesses 
the maximum, density at 4°C. 

We start with the assumption that water within the cylinder 
is initially at a uniform temperature of 10°C, when the freezing mix- 
ture is applied at its central part. Owing to the action of the freezing 
mixture the water in the central part of G cools, becomes denser and 
goes down. At the same time the warmer and lighter water from 
the bottom goes up, gets cooled and goes down again. Thus the 
water ac the bottom gradually falls in temperature, 98 is shown by 
the lower thermometer. This continues till the whole mass of water 
in the lower part has come down to 4°C. On further cooling, the water 
near the middle part cools below 4°G, but does not sink. This is 
evident from the constant reading of 4°O given by the lower 
thermometer. The water tends to ascend, but cannot do 80, 48 it is 
heavier than the water in the upper portion. Witb continuation 
of cooling, the water near the middle gradually falls to 0°O and small 
erystels of ice are then formed. These tend to rise to the surface, 
melt and coolthe water in the upper part, as is shown by a rapid fall 
in the readings of the upper thermometer. This continues till the 
whole mass of water in the upper portion comes to Q?O as indicated 
by the upper thermometer T, while all this time water in the lower 
part remains at 493, Finally. crystals ofice, which are now formed 
near the middle, float on its surface. i 
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As the densest liquid oceupies the lowest portion and as the 
lower thermometer indicates a temperature of 4°C, the conclusion is 
inevitable that water at 4°C has the maximum density. In other 
words, a given mass of water occupies the smallest volume at °C. 
The density of water at 4°O is taken to be unity. Ifthe readings of 
the two thermometers, taken at regular intervals, are plotted against 
time, curves asin Fig. 25 are obtained. The fact that water has 
its maximum density at 4°C is of great practical importance in nature, 
In frosty weather in cold countries the water in lakes, rivers. 
ete. gradually falls to 4°C ; on further cooling, the water in the upper 
layers becomes lighter and so remains on the surface, The water on 
the surface thus gradually cools to 0°C and finally freezes, while the 
water below remains practically at 4°O, The ice floats on the surface 
and thus lives of fish and other aquatic animals are preserved, If the 
density of water would have continued to decrease below 4°C, the 
water at 0°O would occupy the lowest layer and ice would be formed 
from below upwards, so that the whole mass of water would have 
changed into a solid block of ice. 

*28. Thermostat—One of the most useful practical appli- 
cations of the expansion of a solid or liquid is utilised in the cons- 
truction of an instrument which maintains a substance at a known 
constant temperature. Such an apparatus is called a thermostat or a 
thermo-regulator, 

Fig, 26 represents a liquid thermostat, in which the glass bulb B 
contains some such liquid as toluene, benzene or alcohol possessing 
large coeíficient of expansion. Sealed into the bulb, a glass tube 
P nearly reaches its bottom and is provided with a side tube N having 
a stop-cock. The tube P is bent twice at right angles and is 
terminated with a bulb © having an opening. At the top of C is fused 

it ma z a short glass pipe reaching nearly to its 
bottom. As shown in the disgram, an 
inter-connecting adjustable tap 8 is very 
often fitted as shown. The end Fis con- 
nected £o a gas burner. 


When the temperature of the bath 
exceeds a certain critical limit, the liquid 
inside forcesthe mercury column contained 
in P through the pipe so ‘as to close the 
end of the pipe E and there the supply of 
gas to the burner through the pipe is 
stopped temporarily. The gas supplied 
through the by-pass tube is just sufficient 
to maintain a small flame at the burner. 
The heat supplied by the burner to the 
bath becomes insufficient and the tempera- 
d ture of the bath tends to fall and produce 
Fig. 26. a small decrease in volume of toluene. 
The mercury column recedes, thereby opening the gas supply. 
This explains how the temperature of the bath is not allowed to cross 
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assigned limit. Within the funnel N the critical temperature may 
be adjusted by the mercury column. 

*99. Correction for Barometric reading for Temperature— 
In a mercury barometer the pressure of the atmosphere is expressed 
in terms of the height of a column of mereury, which is measured 
usually by a brass scale. The scale is correct at 0°C and the 
liquid column is initially adjusted at 0°C. Hence the observed 
height of a barometer at 1°C is to be reduced to the equivalent 
height at 0°C. In order to fulfil this requirement it is necessary— 

(1) to make correction for expansion of the scale between 090 

‘ and ¢°O 
and (2) to make correction for the change in density of mercury. 

With these set purposes let 

H=the observed height of the barometer at ¢°C. 

Hy =the equivalent corrected height at 0°O. 

Po and P —densities of mercury at 0°C and t°O respectively 
and 4 = coefficient of linear expansion of brass scale. 

(i) Correction for the expansion of the scale—At 1*O the scale 
increases in length, so that each centimetre of the correct scale be- 
comes (1+4t)em, Recorded by this increased scale, the observed 
reading His. therefore, less than the reading given by the correct 
scalo at 0°O. 

Thus n=H(i+4t). ...(99, 11 

(i) Correction for the change in density of mercury—The reading 
h requires correction for the change in density of mercury. As the 
atmospheric pressure remains the same, 

gPh=9gPoHo or Pj — HoP(14-»0), 

whence Hom ds Men) oic. (99, 2) 

higher powers of ? being neglected. 

Relations (99,1) and (99,2) combine to form 

Hy = Hü-F«)d -»)- 81-0 9t. ...(29,3) 
neglecting Xi? which is small iu comparison with «t or Yl. : 

‘The following Table supplies the variation of density of water with 
temperature ; 


Density of Water with Temperature 


T 
Temp. Density Tomp. Donsity Temp. Density 
(in do) (gm.[o,0- (in °C) (gm,/e.c. (in °C. (gm./c.c.) 
alli. lees Lx 

0 *99987 | 10 *99973 24 99732 
1 :900099 | 12 *99953 926 ‘99681 
2 *99997 14 *99927 28 99626, 
8 *99999 16 *99897 30 "99567 
4 100000 18 "99862 32 "99505 
5 99997 20 199323 94 92440 
6 99388 22 “99780 96 "99371 
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Example. 


1. A barometer is provided with a silver scale which reads correctly at 0*0. What os 
is the true height of the mercury corresponding to an apparent height of 76105 mm. Er 
at 1590? Whatheight would the barometer register at 090 7 (Given coeff. of 
cubical expansion of mercury ='000182 ; coeff, of linear expansion of silver = 000019) : 

{Utkel U.—19504] —— 
Ans. As tho silvor scsle increases in length at 15°0, the apparent height of be 
mercury would be less than the true height h cm., for by reason of the standard: : 
formula we have j 
h 16105 x (14-*000012 x 15), whence h=761'27 mm. 

But the roal height of the mercury column would be obtained after correcting. 

for change of density of mercury at0°O. If the true height be Hy cm., then 
Hg = hi. —7t)=761'87 x (1— 000182 x 15), whence H,=759'19 mm. 
Thus the desired height of the barometer is 75919 mm. 


"30. Correction for exposed stem in the Thermometer—, 
When a thermometer is used for measuring the temperature of a body. 
the upper part of the stem is at a temperature considerably lower tham 
that of the bulb. The divisions of the scale in the lower part do not, 
therefore, expand equally and so the observed temperature requires: 
correction, 


> Let ty be the observed temperature of a body whose real tempera- 
ture is t. Suppose there are n divisions of the thermometer exposed to 
air at an average temperature ty Ifthe thermometer were through- 
out att, these n divisions would cover a space equivalent to 
miL Ert- ta)} divisions, being the coefficient of apparent expansion of 
mercury in glass. 
Hence the correct number of divisions in the exposed column 
=nfl+? t-ta }-n=nlt= ta. 
.. the true temperature of the body is given by 
t=t,+n(t-6,)y, (30,2) 


EXEROISES ON CHAPTER IIT 


Roference 
Arta. 1. Define the cootficients of appar nt and rea] i 
22 & 25 aliquid. Stato the relation hetweon Tha {Woe P. TT 
C. U.—1963; R. P. B.—1955 ; Anna, U —1961 ; 
i : Gan. U.—1965 ; Cf. Del. H. B.—1954) 
tls. 2. Show that the absolute cosflicient of Cubical expansion of @ 
21&22 liquid is the sum of its apparent cofficient of Miri and 
e prettioleas of enbical expansion of the material of the 
container. 


(Utk. U.—1968.; P. U.—192 ; Pat. U.—1972 ; Gau. U.—1905, 
A B.—1953': Raj. U,—1955) 
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3. A weight thermometer weighs 18760 gms when empty. 
Itis filled with mercury at 0°O and then heated to 100°C, when 
02851 pm, of mercury is expelled. The thermometer with the 
remaining mercury weighs 16'8625 gms. Calculate the coefficient 
of apparent expansion of mercury. (Utk. U.—1958) 

Ans. 16X10-* per *O. 

4. A specific gravity bottle hols 50 gms. glycerine at 
30°C. How much will it hold‘at 100°C, assuming the coefficient 
ofenbieal expansion of glycerine to be ‘00051 and that of glass 
to be ‘00008 7 (R. P. B.—1960) 

Ans. 4837 gm. 

5. Describe the weight thermometer method of determining 
the apparent expansion of a liqnid. (E. P. U.—1970 ; 

Dao. U.—1963 : Ri P. B.—1907; U P. B.—1962) 

6. A glass vessel, which holds exactly 1000 gms. of 
mercury at 16°C. is put into boiling water at 1000. What 
weight of merenry is expelled? [Cooff. of absolute expansion 
of mercury is 0.00018 and coeff. of linear expansion of glass 
is 0:00001.). (Gan, U.—1965) 


Ans. 12°6 gme. (nearly). 


7. A weight thermometer contains 510 gms. of mercury 
at 15"0. On placing itin a botoil bath only 500 gms. are lott 
init, Find the temperature of the of] bath. [Ooeff. of absolute 
expansion of mercury="00018 and cooff. of linear expansion of 
glass ='00001.] 

Ans. 148'3°O, 

8. The bulb of an alcohol thermometer npto 0°C mark has 
a volume of 2 c.c. and the aroa cf cross-section of the stem ia 
008 rq. om, When the thermometer is raised in temperatura 
from 0°O to 50°%0, the liquil rises 191 cm. in the stem, Osl- 
culate the coofficient of expansion of alcoho! relative to glats. 

(V. U.—1958) 

Ans, ‘001048 per °O. 

9. A glass woight thermometer has = mass of 6'34 gms. 
when empty and 151'73 gms, when filled with moroury at 99°C, 
TE 2°08 gms. have been expelled in changing the temperature 
from OG to 99?0, determine the coeficient of relative expan- 
sion of mercury in glass. 


Ans, 1461075 por °O. 


10. A weight tkecmomoter weight 25 gms, when empty 
and 475 gms. whea filled with mer ucy at 00. On heating it 
to 100°C. 655 gm. of mercury’ Jn expelled, Calculata the corffi- 
cient of linoar expausion of glass. the coefficient of real expan- 
sion of mercury being ‘00182 per °C. (Pat, U.—1962) 

Ans. ‘000011 per °O, 

1L A weight thermometer contsins 89 gms. of aliqnid at 
10°C and on heating it to 85°O 2 gms of liqnid are expelled, 
Find the soofficient of absolute expansion of the liquid. if the 
coefficient of linear expansion of glass is 00009. í 

(E. P. U.—1970) 


Ans. 700036 per °C. 

12. Explain how to find the ooeftieient of real «expansion 
of a liqnid by woight thermometer Why is it called a 
thermometer? (Raj. U.—1964 ; E. P. U.—1972) 
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Art. 26 


Art, 26 
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19. A thermometer is maie by forming a bulb at the end of 
a glass capillary tube of which the area of cross-section of the 
bore is 0'0004 sq. cm. The apparent coefficient of expansion 
of mercury in glass being 15'0X1075 per degree centigrade, 
what must ba the volume of the bulb, if the degree marks are to be 
0'2 om, apart ? 

Ans, 392 o.e. 

14. A weight thermometer weighs 40 gms. when empty 
and 460 gms. when filled with mercury at OC. On heating to 
100°C, 6'85 gms. of mercury escape. Calculate the cofficient 
of linear expansion of glass, the coeíficient of real expansion of 
mercury being 0°000182. (R. P. B.—1942, 53; U. P. B.—1948) 

Ans. 9X10-7" per degree C. 


15. Find the mass of mercury which must be introduced 
intoa glass bulb of 20 c.c. capacity in order to meke tho volums 
of the unoccupied portion in the bulb constant between 20°C and 
100°C. (x for glass—8x107* ; p of mercury at 20°C and 100°C 
are 13'546 and 13'352 respectively.) 

Ans. 35°5 gms. (nearly). 

16. A graduated glass tube of uniform bore conting 
mercury upto 100 divisions at 0°O, Find the temperature a t which 
the mercury occupies 101'5 division (Coeff. ofaorolute expansion 
of mercury is 0 00018 ; X for glass is 8 X 107° ) 


Ans. 96150, 


17. The coefficient of linear expansion of glass is 8x 10-* 
and that of oubical expansion of mercury is 18X107* per deg. 
O. What volume of mercury must be placed in a specific gravity 
bottle in order that the volume ofthe bottle not occupied by the 
mercury shall bo the samo at ail temperature ? 

Ans, 5 of tho volume of the bottle. 

18. The bulb of a dilatometer basa volume of 19'8 c.c. 
What volume of mercury must be introduced into it, so that 
the volume of the free portion becomes independent of 


charges in temperature? (X for glass=8x10-* and y for 
mercury — 18 X 107^). 


Ans, 2'64 c.c. 
19. How does the dens'ty ota substance change with tempe- 
rature? Find the relation between the two. 
(E. P. U.—1963) 
20. Explain how to determine the coefficient of absolute 
expansion of a liquid by Dulong and Petit’s method. 
(E. P. U.—1962) 
21. Inan experiment witha liquid the column stood at 60 


om at 32°F and stood 5 em. higher at 219°F, Find in degree 
centigrade the coefficient of real expansion of the liquid. 3 


(E. P. U.--1969) . 
Ans. 700083 per °C. 


22. 1c.c.of water weighs 099874 ab 0°O and 1 at 
4^0, Find the menn coefficient of abi Wm an gm. a 
between 0?0 and 470, of absolute expansion of water 


Ans. 82X107* per degree O. 
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23. In an experiment to find the real expansion of mercury 
with Dulong and Petit's apparatus, the temperature of hot column 
was 100°0 and tbat of the cold column was0°C. The heights of 
the mercury columns were found to be 51 cm. and 501 cm. 
respectively. Calculate the coefficient of real expansion of 
mercury. 

Ans. 179%107® per degree C. 

24. In an experiment two columns of merenry, one at a 
temperature of 1490 and the other ata temperature of 100°C, 
balance each other. If the height of the shorter column is 
86'4 om, find that of the other, (Coefficient of cubical expansion 
of morcury =0°00018)- 


Ans. 877 cm. 

25. Water is said to bave its maximum density at 4"Q, Explain 
what this means. In what respects is the bebaviour of mercury 
different from that of water, when both are gradually warmed 
from 0*0 ? (0. U.—1957) 

96. “Water is not all suitable as a thermometer liquid 
betweon 09 O and 890, but the above this. the peculiar property of 
water saves the lives.of animals in very cold countries.” Explain 
this statement as clearly as possible. (Pat. U.—1955) 

27. Describe Hope's Apparatus for determination of maxi- 
mum density of water. Explain step by step how and why the 
reading of its thermometers changes as the temperature and 
density of water change. ‘What importance does the fact tbat 
the maximum density of water isat4°O bear in the economy 
of nature ? (Utkal U.—1964) 

28. Show how you would correct the reading of a barometer 
for the expansion of the meroury and the scale. 

(Utkal. U.—1954; R. P. B.—1953, '62 ; Pat. U.—1966) 


99, A barometer with a brass scale correct at 62°F reads 30 
inches at 50°F. Find the reading of the barometer when corrected 
to 32°F, (Given that X for brass=18 x 107° per ?Q and y for 


mercury =18% 107° per °0.) 


Ans, 20°91 inches. 

80 A mercury barometer with brass scalo and correct at 0°d 
reads 76 69 cm. at 17980. Reduce the reading to 0°O. (x for brass 
=19x 107° : y for meroury=18X 107^). 


Ans. 76°47 cma. 
31. A brass scale of barometer was correctly graduated at 
1590. At what temperature would the observad reading require 
no temperature correction ? (Coefficient of linear expansion of 
brasa = 000019 ; coefficient of absolute expansion of mercury 
='00018). _ (R.P. B.—1966) 


Ans. 1"80 (nearly). 
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CHAPTER IV 
EXPANSION OF GASES 


31. Expansion of Gases—Due to changes in temperature gases 
Hike solids and liquids change in volume but at a much greater rate. 
In considering the changes in volume of solids or liquids the effect of 
pressure is not taken into account, for even with a great change of 
pressure the change in their volumes is negligibly small. But in the 
ease of gases a slight change in pressure produces an appreciable 
-change in volume. To state the condition of a gas, it is necessary, 
therefore, to mention its volume (V), pressure (P) and temperature 
(T), Achange in any one of these factors affects any other toa 
marked degree. Such changes are governed by the Gas Laws given 
‘below ; 

(1) change of volume by change of pressure, the temperature 
aemaining constant (Boyle's Law), 


(2) change of volume by change of temperature, the pressure 
vemaining constant (Charles’ Law), 

and (3) change of pressure by change of temperature, the volume 
remaining constant (Law of Pressure), 


The first of these showing the relation between the volume (V) and 
the pressure (P) under constant temperature (1) is given by Boyle's. 
‘Law which states that at constant temperature, the volume of a given 
mass of any gas varies inversely as the pressure to which it is subjected 


Thus V œ P when ¢ remains constant. 


or, PV=k, where k is a constant, depending on the mass and tem- 
perature of the gas. This equation is called the isothermal equation 
of state. This has been dealt with in General Physics (Chap: XI). 


If no heat is allowed to enter into, or leave, the mass of the gas 
during a change of volume, the temperature does not remain constant 
and the changes are then known as adiabatic changes of volume. 
Under an adiabatic condition the relation between pressure and 

"volume is given by the equation : 


PV’ — constant, Mf.) 


"when ? is the ratio of the specific heat of 
Puede psit ig eat of the gas at constant pressure 


32. Expansion of Gases at Constant Pre: — 
first established in 1801 that all gases when EUR 
was found by Oharles that at constant pressure the volume of a given 
‘mass of any gas increases for each degree centigrade rise of temperature 
by a constant fraction (zs) of its volume at 0°C, This is known as 
writ. Law. This relation was afterwards verified by Gay. 
Eu aaa accurately by Regnault and is sometimes called Gay- 
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If the volumes of a given mass of gas at 0°C be Vo c.o. and if ?» be 
‘the fractional increase of volume per °C, then for a rise of temperrture 
‘of 19C the increase in volume is Vo”pt. Hence the volume (V+) of the 
gas at ¢°C is given by 


Vio Vo + Vogt = Voll +7ot), CPI) 
whence y, 731-18, (19.9) 
o 


This constant fraction Yp may, therefore. be taken as the coefficient 
of cubical expansion of any gas at constant pressure Or simply as the 
volume coefficient of the gas. For real gases the volume of coefficient has 
been experimentally found to be very nearly g?s Or 000366. 

Hence from (32.1) vele T ...(82.3) 

The above relation is similar to that in the case of solids and 
liquids. But the following important points of difference are to be 
nofed— 

(1) As a chance of pressure considerable affects the volume of a 
gas, the pressure must be kept constant. 

(2) The coefficient of expansion for a gas is much greater than 
that for a solid or a liquid. 

(3) The value of &his coefficient is approximately the same for all 
gases and not appreciably different from one another as in the case of 


solids and liquids, 

(4) As the expansion in the case of a gas for s slight change of 
temperature is much bigger than that in thecase of a solid or & liquid. 
the volume at 0°C must always be taken, in applying the formula for 


expansion, 

Tt is interesting to study the equation (32.2), for given a fixed mass 
of gas, its volume Vo at 070 is constant, H the temperature t of the 
gas is continuously increased, its volume Vi also continuously in- 
creases, The relation between Viandt is thet of a straight line, if 


their values are plotted on a graph paper. 

33. Determination of the Coetticient of Expansion of a Gas at 
Constant Pressure The coefficient of expansion ofagas at constant 
pressure can be determined and hence Charles’ Law can verified by 
Constant Pressure Thermometers of different forms, 

(1) Constant Pressure Thermometer of a simple from—This 
consists of a glass tube about 50 cm. long and with a uniform bore of 
about 1 mm. in diameter. Dry air is passed through the tube for some 
time, after which one of the ends is sealed with a blow-pipe flame, 
‘The tube is then heated gently with the open end dipping in pure dry 
mercury. As the tube cools, the air inside contracts and small pellet 
H of mereuury (Fig. 97)is sucked in; this serves 8s an index. The 
amount of air expelled from inside should be such the mercury 
pellet stands sbout midway along the tube at the room temperature. 
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A temperature T is tied along the body of the tube. The tube A is 
now held inside a wide jacket tube G of glass, with its open end pro- 
jecting out of the jackat. Che two eads of the jacket are also closed 
by stoppers and through each one there passes a short glass tuberin 
order to serve as an inlet or outlet tube. 

G 


g x. 


Fig. 27. 

Ice-cold water is at first circulated through the jacket till the 
thermometer T records & constant temperature of 00. The gis 
within the glass tube also attains the temperature of 0°C and its 
volume becomes constant ; $0 the pellet P comes to & steady position. 
After waiting for some time the distance of the inner end of the pellet 
from the closed end is measured. Let the length of the air column at 
this stage be /'cm. The water is let out and steam is now passed 
through the jacket? the temperature rises and ultimately becomes 
constant. After some time the position of the inner end of the pellet 
is noted again ; let the length of the sir column be now J’ cm., and the 
temperature 6°C. 

If the internal cross-section of the tube be a, the volume of the 
enclosed air at 0°O and (^O are respectively la and l'a the small expan- 
sion of the glass tube being neglected, If in course of the experiment 
tho inclination of the tube be kept fixed, its mouth being always open 
to the atmosphore, the pressure, to which that air inside is subjected, 
romains the same during the period of experiment. 

Honce the coefficient of cubical expansion (7p! of tho air at cons- 
tant pressure is given by 

Y= el ie, 7. E 
ico iu 

At all constant pressures the mean value of the coefficient Yp is 
found to be the same By any other gas the sir in the tube may be 
replaced and the coefficient of expansion for thegas may be determiend 
as above. _ The coefficient of expansion as found above is, in reality, 
the coefticiont of apparent expansion of the gas with respect to glass. 
But as the expantion of the glass is very small in comparision with 
I gas, itis not ordinarily necessary to apply correction 

or that. 

(2) Constant Pressure Air Thermometer (Regnaut ara- 
tus)—This consists of a U-tube AB (Fig. 28) with ian imb ERRE 
and ending ià the bulb A, while the limb B is open to atmosphere. At 
the bottom of the U-tube is attached a short tube having a stop-cock 
Ga&itsend, The U-tube is placod with in a wide glass jacket J, ithe 
bottom of which is closed by a rubber cork; through this tho short 
tubs just mentioned passes. There is a copper tube S bent in the form 
of an inverted U passing through the eork with both ends outside. 

Ths jacket is filled with water so as to keep the bulb immersed. 
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Close to the bulb, a thermometer T is suspended in the water. There 
is also a stirrer placed inside the jacket. Suiphurie acid is housed 
in the lower part of AB, while the bulb contains 
some air, the volume of which can be directly 
read from the graduations on the stem attached 
to the bulb. By pouring in more of the liquid 
through the open limb or by letting out some 
through the opening O the liquid in both the 
limbs can always be brought to the same level, 
The pressure of the enclosed air in A is then 
equal to the atmospheric pressure at the time. 

At the room temperature /; 88 recorded by the 
thermometer T sulphuric acid in the U-tube is 
brought to the same level and the volume of sir 
in A is noted, Let the volume at the room tempe- 
rature be Vy. Steam is now passed through the 
copper tube S which heats water in the jacket. 
To maintain uniformity of temperature water is 
kept constantly stirred. With the temperature 
rising, the air expands and forcesdown the liquid 
which, therefore, rises in the other limb. By 
regulating the steam, temperature of water at 
some higher value is maintained constant for 
somo time, during which the air within the bylb 
acquires the temperature of hot water. The 
stop-cock is opened and some liquid is let out, Fig. 28. 
till the level again becomes the same in both 
the limbs, The volume of the air is noted. Let the volume be Va, «nd 
its temperature te. 

Then Vy * Vo(1-- 794i) and Va=Vo(1+7sta) 

BE .. (83.9) 

Vi Mula Vita Vals 
Thus by knowing Vis Ve: f dta the value of 7» can be caleulated, 
$ For grestor accuracy 
in result. the temperature 
8 of the bath is increased at 
g succossive steps and the 
corresponding volumes are 
48 noted. By taking tem- 
perature as the wbscissa 
0 


ume in ¢.¢. 


and the corresponding 
volume as the ordinate, we 
plot (fig. 99) a graph, 
which is readily found to 


o =s Vo 


3 HastHtH ba a straight lins That 
2900 4 + -100 . 9, 100 200. the graph should be a 
Temperatare -in °O right line is evident from 

Big. 29% à mathematical stand- 

point as well. In Fig. 29 the straight line (such as AB) represents the 


Pt. I[H—4 
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relation between the volumes of a given mass of a gas and the corres- 
ponding temperatures. The stright line is, of course, produced much 
on the negative side of the temperature. The volume at 0°C and that 
at some other temperature ¢°C are found from the graph and so Yp can 
be calculated from equation (32.2), 

34. Increase of Pressure at Constant Volume—If the volume 
of a given mass of a gas is kept constant while it is heated,its pressure 
increases. The simple reason is that due to a rise of temperature the 
gas tends towards expansion which. on being prevented, results in an 
increase of pressure. It is found that pressure increases uniformly 
with the rise of temperature and obeys the following law : 

The pressure of given mass of any gas at constant volume increases 
for each degree centigrade rise of temperature by a constant fraction of 
its pressure at 0°O. 

Hence if Po be the pressure at 090; Pe that at t°O, and Yy the 
constant fraction, the increase in pressure is Po?»t and so 

Pr=Pot Pout — Poll +t), 


whence bama 


The constant fraction is called the pressure coefficient of a gas 
and may be defined as the ratio of the increase of pressure of the gas at 
py volume due to a rise of temperature through 1°C to its pressure 
at 0°C, 

Constant Volume Air Thermometer— The relation between the 


temperature and the pressure of 
a gas at conssant volume can be 
studied by an apparatus known 
88 the constant volume air thermo- 
meter, It consists of a large glass 
bulb A (Fig. 30) at the end ofa 
thick-walled narrow tube BOD, 
bent twice at right angles and 
enlarged into a wider tube DE at 
the other end. By means of & 
long piece of stout flexible rubber 
tubing FG the tube DE is again 
Connected to a wide glass tube 
GH open to the atmosphere. The 
tubes DE and GH‘ can be sepa- 
rately moved on a vertical upright 
on each side of a wooden 
stand and can be clamped at 
any position, A vertical scale 
S is fixed on the wooden stand. 
There are three levelling screws 
at the base ofthe stand, At D 


there is a fine 
the tube : or sometimes an ivory poi LAM eee 


d d inter is fixed. Some ratus is 
provided with a three-way tap at C, through which the bulb aR can 
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be exhausted of air and filled with any other gas. A part of each of 
the tubes DE and GH and the whole of the rubber tube are filled 
with pure dry mercury, while the bulb A and the narrow tube up to D 
contain dry air or any other gas. 

The bulb A is now kept immersed into a bath of ice-cold water 
and the tube DE is clamped at any position. - By raising or lowering 
the tube GH the level of the mercury in DE is adjusted exactly to 
the mark D, The difference of mercury levels in the two tubes is 
noted. By adding to this the difference in the barometric pressure at 
the time of experiment the pressure of the enclosed air is obtained. 
Denote the pressure by po. 

The water-bath is now heated and is kept stirred well. The tem- 
perature is raised to some higher value which is ready by a thermo- 
meter held in the bath. By adjusting the flame the temperature ‘of 
the bath is kept constant for some time. During this period the gas 
attains the temperature of the bath, The pressure of the enclosed air 
isthen read. Let the pressure at some higher temperature 2^O be p. 
Then the value of the pressure coefficient is calculated from the 
equation : 


vy BED ... (84,9) 
0 

For air the value of Y» is found to be 000368. In the laboratory, 
temperature of the enclosed gas is raised usually from the room 
temperature in steps and the corresponding pressures are noted. A 
graph is plotted by taking the temperature as the abscissa and the 
corresponding pressure as the ordinate. The graph isfound to bea 
straight line (Fig. 29, AC), This shows that the presswre increases 
uniformly with temperature From the graph the pressure po at 0°O 
and that af some convenient higher temperature may be obtained. 
From these the value of the pressure coefficient is more accurately 
calculated from the relation (34.2). 

Advantages of a Gas Thermometer :— 

(i) As gases are more expansible, a gas thermometer is much more 
sensitive to temperature variation than a liquid thermometer, Further, 
except when very great accuracy is demanded, the effect due to the 
expansion of the containing vessel neednotbetaken into consideration. 


(ii) Under the same condition and over a large range of tempera- 
ture the rate of expansion of all gases is practically the same. 

(iii) The expansion of all gases is very approximately uniform 
and regular. 

(iv) A gas thermometer can be used for a much wider range of 
temperatures so as to record very low as well as very high 
temperatures, 

Disadvantages of a Gas Thermometer :— 

(i) A gas thermometer is bulky and so is not easily portable, 

(ii) As a change of atmospheric pressure affects the readings of 


the instrument, a barometer also isto be carried along with tho gag 
thermometer, 
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(ii) It is too large to be used in calorimetric work. ; 


(iv) The instrument cannot be furnished with fixed scales, inas- 
much as the atmospheric pressure varies from time to time. 4 


(v) For quick changes of temperature a gas thermometer is 
insensitive, 


Examples : 


1 Avuniform vertical glass tube, open at the top and closed at the bottom, 
contains air anda pollet of mercury 30 cm. long. The lower and of the pellet 
is 805 om. aboye the bottom of the tube when the tube is at temperature of 65°C, 
How far will the pollet rise, if the tube is heated to 100"0 ? 

[Utkal U.—1952, '54] 


Ans. Since the volume coefficient of air is considerably le'ger than the 
cubical expansion of glass, the latter may be neglected in comparison with the 
former, Hence the bore of the glass tuce may be assumed not to change with 
temperature insofar as the problem is concerned and so the length of the air cclumn 
within the glass tube at any temperature is proportional to the volume of air at that 
temperature. Further the pressure on the column isdueto the atmospheric 
pressure and the pellet of mercury. Consequently, if tbe inclination of the tube is 
not changed during the experiment, the pressure on the air column remaing 
constant, whatever might be the inclination of the tube and the length of the 
mercury pellet, 


Tet tho length of the air column at 0°C be 7, cm. Then the volume of air eolumn 
at pu is kl, e.c. where k isa constant. At5'Othe volume is (5x3930'5)o.c. Then 
wo havo 


dex 8075 kl, x (1-+ 00866 x 5) whence 1, —99:86. 
If at 100°O the length of the column be? cm., we must have 
Kl kx 29:96 x (14-*00360 x 100), whence 7=40'39 cm. 


9. Whatis the. temperrture of a gas whose pressure is 196'63 cm. of Hg. if 
its pressure at 0 Cis 100 cm. of Hg. the volume remaining constant? Given the 
pressure coefficient of the gas=0'003663, [V. U.—1954] 


Ans. Hore P, =pressure at t°O=136'63 cm., P,—pressure at 0°O=100 cm, and 
7 * coefficient of pressure increase of the gas=‘003663. 

The usual formula P, —P.(1--7/) leads to 100/1-1- ‘003663 x / =136 63, 

or, 1-003603 x (13669, or 7003668 x é= 3663, whence /— 100 

Honce the temperature is 100°C. 

9, Toatown ten million cubic feet ofa gas aro supplied k under & 
pressure of 3 inches of water over the atmospheric apes at 3 shillings pee 1000 
fle n lb Lic heey reads Slinches, the gas company can make no 

‘ofitat all. Find the profit per week when thi i 
Ai isahes, t (Denstigiet JSt 190) m the average height of the barometer is 


Ans. For the decrease of pressure let the increase in volu 
me of 10° on. ff, 
of the gas bo v. cu. it. Then the company can save this v cu. ft. of gas per week. 


The pressure due to 3 inches of water is equal to that if EM inch of meroury: 
13° 
Utilising tho relation PV —P'V', we find ! 


8 m 3 "i 
(ess) x10? =(20+4) (107 +v), whence v—685 x 10°, 


Honce the profit made by the company - (P185 10* 5) s, —£17158. 
a 
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35. Absolute Seale of Temperature—The volume of a given 
mass of a gas ab any temperature can be obtained from Charles’ Law 
which gives the equation : 


vivi). 


For instance. the volume at—10°O is given by 


10 
V-10=Vo(I- zs . 
According to this equation it is interesting to note is that the 


apparent volume at—273°C is given by V-273 = Vo (1 " 23) =0. 


Evidently — 273° 3 is the lowest temperature that can be theoretically 
indicated by the gas thermometer. For, at this temperature the 
volume of any gas obeying Charles’ Law appears to occupy nO space. 
Indeed all known gases liquefy, and even solidify, before this tempe- 
tature is reached. Further. the pressure coefficient of a gas having 
also a value gig, we ean show from (34.1) that at—273°O a gas would 
have no pressure. The same conclusion may be derived from the 
volume temperature (AB) and the pressure-temperature (AC) graphs 
(Pig. 29). Both the straight lines when produced to meet the abscissa 
representing zero volume and zero pressure lines meet at the point A 
which is— 273°C, We are thus led to consider —273°O as the lowest 
temperature conceivable and so it is called the absolute zero of the 
gas thermometer. 

Tf we now have.a scale of temperature starting from the absolute 
zero, i.e., from —273°O, as its zero and having each degree equal to 
that of the Centigrade scale, that scale is called the ab-olute scale 
of temperature. Temperature when reckoned on the absolute scale 
are termed absolute temperatures (in degree absolute), According to 
the scale the melting point of ice (0°C) is 273° A and the boiling point 
of water (100°C) under normal pressure is 373°A. In general, if t? of 
the Centigrade scale corresponds to T° of the absolute scale, then 

T? A=t°0 +273, 

i.o., Absolute Scale reading = Centigrade reading +273. 

As Kelvin defined the absolute scale, the temperatures on the 
absolute scale are sometimes termed Degrees Kelvin in place of 
degrees absolute ; thus 10090 =373°K. To be more accurate, absolute 
zero is 273'18 degrees below the Centigade zero. 

86, Charles’ Law and the Law of Pressure expressed in 
different forms—From Charles’ Law, if V and V are the yolumes of 
a gas at Centigrade temperatures tand t’, then 


a foie E Tri 
v=vo(i+z) and V'=Vo(1+ 375) 
Vatt T or WNEV ...(36,1) 


m^ 


qvem) mU pom 
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where T and T are absolute temperatures respectively corresponding 
to #°O and t'O. 


Hence Zis constant, when P is constant. 


From this relation Charles’s Law may be stated as follows i 
The volume of a given mass of a gas at constant pressure is directly 
proportional to the absolute temperature of the gas. 


Again, the relation P=P,(1+ —- ORE 


973: 
P _t+273_T ..(88,) 
Po¢+273 T ds 


Pe 
Hence ï 18 constant, when V is constant, 


In other words, the pressure of a given mass of a gas at constant 
volume is directly proportional to the absolute temperature of the gas. 

Gas Laws combined—A simple general relation can be estab- 
lished between the pressure, volume and temperature of a given 
mass of a gas, Let V be the volume ofa given mass of a gas ab 
pressure P and absolute temperature T. We aro to find the volume 
V of the same mass at pressure P'and absolute temperature T". 
First, let the pressure change from P to P^ the temperature remaining 
constant. It the volume thereby changes to V,, then by Boyle's Law 


PV=P'V;, or Vi -Ey 


Pressure remaining constant at P’, let the temperature now change 


from T to T Ifin consequence the vol V; to V+ 
Charles" Law given e volume changes from V, to 


" PT £p 
Therefore, PV PV Aa 
TON ..(86.8) 


B 
In other words, EM constant. say k, i.e, PV=hT, ...(36.4) 


Thus the product of the pressure and the volum i ss of a 
948 Varies directly as its absolute temperature. Bm m 
Equatlon (86.4) is referred to as the gas equation or the equation 
of state, for by knowing any two of the three quantities P, V and T, 
the third can be found and the state of the gas can be completely 
determined. The value of the Constant & depends on the mass of 
the gas taken. Ifa gramme molecule of a gas be taken, the value 
Ai Bis then, the inns TE henses; It is then called the universal gas 
and is denoted by R. Hence fi - 
Eris nu or a gramme-molecule (usually 
PV-RT, - 
where R is a constant. T 


ABT, 38 EXPANSION OF GASES 55 


Let M be the mass of the gas occupying a volume V at pressure P 
and at absolute temperature T. Under the same conditions of tempera- 
ture and pressure the volume ofa gramme-molecule of the gas having 


a molecular/weight m is mm. 
Consequently, P oY RT, whence py-nrennT, .. (36.6) 


when 7 is the ratio of the mass of the gas under examination to its 
gramme-molecular weight. 

As the volume of a gas is affected by the pressure and temperature, 
a gas is always to be referred to at a definite temperature and pres- 
sure. A volume of a gas ab 0°C and ata pressure of 760 mm. of 
mercury is said to be at normal temperature ands pressure 


(N,T.P.). 


‘To find the value of the gas constant (R).—One litre of hydrogen at N.T.P. 
weighs 00896 gm. Find the value of E. considering one gramme. molecule o 


the gas. [Mys, U.—1952 ; R P. B.—1954] 
Solution. The volume ot 0 0896 gm. of hydrogen at N.T.P, is 1000 c.c, 
2000 


2 gm. Y hj saa pT tr 0.0. 


» 0» » 


The normal atmospheric pressure is 76x 19:6 x 981, 
By reason of the formula PY RT, we get 
(75x 13'6 x 981) x 22821=R x 278. 
whence R=8'3x 107 ergs per degree Centigrade. 
97. Variation of the density of a gas—Led P be the density, 
and V the volume, of a mass of a gas at a pressure P and absolute tem- 
erature T, Let P’ be the density, and V' the volume, of the same 
mass of the gas at a pressure P/ and absoulte temperature mi; 
As the density of a gas at a given pressure and temperature varies 
inversely as its volume, We have s equation (36,4) 


"P PT (97.1) 
If the temperature suffers no change. T=T',so that (37.1) reduces to 

PAP, 

A <: (87:2) 


Hence the density of a gas at a constant temperature varies directly 
as the pressure. 
Again, if the pressure re 
consequence boils down d j 
t=, orPT-PT. sla he 
pr Pn ^ (37.3) 
Hence the density of a gas at constant pressure varies inversely 
as the absolute temperature. 
#38, Standard Gas Thermometer—An ideal thermometer is one 
in which equal rise of temperature would be indicated by graduations 


mains constant, P=P’, Equation (87,1) in 
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of its scale by equal increment. This can only be theoreti- 
cally attained by the absolute Thermo-dynamic Scale as proposed by 
Lord Kelvin (Art. 35). No property of a substance varies exactly 
informly with temperature ; as a result. if any meterial property 
be utilised for thermometrie measurement, equal changes of magni- 
tude of that property will not indicate exactly equal changes of 
temperature. The nearest approach to the Absolute Thermo-dynamie 
scale is obtained by employing the volume coefficient or the pressure 
coefficient of a real gas asa thermometric substance. Hence so a8 
to indicate the temperature with the least possible correction either 
a constant pressure or else a constant volume gas thermometer is 
to be used. The constant volume thermometer is, however, preferable, 
as it is susceptible to easier adjustment and as the volume of excess 
of a gas within the connecting tube, which always remains outside the 
temperature bath, is very small and constant. That was why in 1887 
the International Committee of Weights and Measures decided to 
adopt as a practical standard the centigrade sesle of a constant volume 
hydrogen thermometer described hereunder. 

Constant Volume Hydrogen Thermometer—The constant 
Volume hydrogen thermometer was originally designed by Chappuis 
in 1887. , Figure 31 represents a hydrogen thermometer of a simpler 
form which consists of a bulb B about 100 em. long and of capacity 
1 litre. The bulb is held hori- 
zontslly and. can be placed in 
any temperature bath To with- 
stand a high temperature and 
pressurethis bulbin the original 
form was made of platinum- 
iridium. By a narrow bore the 
bulbis connected to a widertube 
C to which it is sealed air-tight. 
A little ivory pointer p, projects 
vertically at the top of C. There 
is another vertical side tube D 
havíng communication with © 
at the lower part. A barometer 
tube His kept above the open 
top of Dand is provided with an 
identical pointer pa near its top. 
The combination of the tubes C 
andD together with the barome- 
ter forms a manometer with 
which the gas pressure of the 
bulb can bemeasured. Byanair- 

Fig, 31 tight pressure tubing amercury 

Constant Volume Thermometer reservoir Ris connected to the 
all point of the manometer. 
can be sli _ The harometerandthe reservoir 
slided up and down a vertical metre Scale and fixed at any 
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position. The heights of the mercury columns in C, E and R can be 
accurately read with verniers attached to the main scale or with a 
cathetometer. 

So as to attain a temperature of 0°C the bulb B is kept within a 
temperature bath of melting ice for a considerable time. Then the 
reservoir Ris raised or lowered vntil the mercury surface in O 
touches the pointer pı. The barometer tube is then adjusted so that 
mercury surface init touches ps. More than one adjustment may 
be necessary to make the mercury surface in the two tubes exactly 
touch the pointers. This being done, the volume of the enclosed gas 
becomes always constant and the pressure exerted by the gas is the 
sum of the mercury level difference jn R and O plus the barometric 
pressure. Consequently the pressure Po is the difference of vertical 
heights of pa and pı, which may be determined with reference to the 
vertical scale attached. 

Next the bulb is kept in the steam of bolling water. When the 
temperature becomes steady, the difference of heights of pa and p; 
is found, Thus with proper correction of the boiling point the pressure 
of the gas at 100°C is determined. Call this prssure Pioo. If now 
the bulb be kept in an unknown temperature batb at °C and if when 
the temperature becomes steady, the pressure recorded be Pi, it is 
clear that 


d BEP) d i s inde d- N ( 
500 PAP whence 4 100% S Pu MARIA I 
Within the bulb hydrogen is kept such that at 0°O the pressure 
exerted by it is one metre of mercury. A hydrogen thermometer may 
be used for temperatures ranging between — 2€0°C and 5 O'O, Above 
500°C hydrogen diffuses through platinum and attacks glass or 
porcelein. For temperatures lying between 500°C and 1500°C nitrogen 
is used in place of hydrogen. Hydrogen is replaced by helium for 
temperatures below— 200°C 
Examples. 

1. Collected over mercury ina graduated tube, a quantity of gas is found to 
occupy 95 c.c. at 2770. The level of the mercury inside stands 15 cm. higher than 
the level outside, while the barometer stands at "Bem. Find the volume that the 
mass of the gas would occupy ata pressure of 745 cm. of mercury and ata 
temperature of #2°C. 

‘Ans. The initial pressure P of the gas is=(75-15) cm.,=60 cm. of 
mercury. 

"gt 
Let the required volume be V’ c.c. From the relation Wat we get 


TEE XN CO Rae whence the required volume V'=20'5 c.c. 
824273 27+273 
9. At 99°C and at a pressure of 74. cm. tho volume of a given mass of gas was 
found to be 54°02 c.c. On cooling to 0°C the volume became 49'8 c.c., the pressure 
‘having risen to T5 cm. Find the coefficient of expansion of the gas. 
Ans. Denote the coefficions of expansion of tbe gas hy 7+ 
The volume of the gas at 0°O and 75 cm. pressure=49'3 c.c. 
o, 49°3 x 75 
From Boyle’s Law the volume at 0°C and 74 cm. pressure=— 7," — 0.0. 
74991 c.c. 
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So by Oharles' Law the volume at 22°C and under 74 om.—49'97x (14-227). 
Hence by the problem 49:97 x (1+227)=54'02, whence y —0'00368. 


9. The internal volume ofa glass vessel is1 litre at 0°C. Tt is filled with 
hydrogen at N. T. P. and is then heated to 2770. Find the mass of hydrogen that 
would escape, if the flask is now opsned under a pressure of 74 cm. (1 litre of 
hydrogen at N.T.P. weighs 0:09.gm.) 

Ans. Suppose the volnme, that 1 litre of hydrogen at N. T. P. would occupy at 
27°C and 74 cm, pressure, is V litres. 

Employing Charles’ and Boyle's Laws, we get 


TM»xV _16x1 


TIAN ROCHE up x NOONE 
30-378. - 973° 


300% 76_ 
So the volume of hydrogen that escapes (oe 1) litres., 
2598 ,. 
At N. T. P. the above volume becomes = Fo A00 litres. 


2598 y T 
22800% 09 Jes. 00102 gm. 

4. What is the height of a barometer when a milligramme of air at 27°C 
nronpies a volume of 95 c.c. in & tube over mercury, the mercury standing 
70 m higher inside the tube than outside? (llitre of dry sir at N. T, P. weighs 
1293 gr.) 

Ans. Let tho required belght of the barometer =% cm. 

^. the prossure of air in the tuba over mercury=(h—70) em. 

Also the vol. of 1 mg. of air at this pressure and 2770 1s 95 c.c. 

Again, at N. T. P. the volume of 1293 gm. of air is 1000 COs, 


«^ the required mass of hydrogen =( 


so that at N. T. P, the vol. of 1 gm. of air 700 ce. 


PY. P'V' (h—70)x85 _ 76x1000 
Hence from the relation— = agg "7 
We Eb 74973 38x 1298" 
whence h—10=92'58, so that the desired height h is 72°58 om. 


5. The density of dry airat N.T, P, is 0:001293 gm. perco., At what tempe- 
rature will’a litro of dry air weigh 1 gm. ata pressure of 75 La ? ; 


Ans. Donote the required temperature by tC and the density of dry air at £O 
at a prossure of 75 cm, by p. 


Then by virtue of tho relation nb we have 
OO greg menn p um cr 
num ie Leno d ri of density and volume of a body is its mase, 
rS or, whence («75 35.. 


Hence the required temperature is 75°'35C, 

#39. Kinetic Theory of Gases— 
vast assemblage of molecules, which 
An idea of smallness of a molecule may bo made by imagining the 
molecules to be arranged side by side just as a row of balls of equal 
size. Were if so, a hundred million molecules could be packed in a 
length of one centimetre. In fact, in proportion to the volume 
Occupied by a quantity of a gas, the volume actually occupied by 


A mass of a gas consists of a 
are extremely small in dimension. 
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the molecules is so small that for a ‘ree and random movement 
of any molecule there is enough of space surrounding it. The 
space between any to molecules is called intermolecular space and 
it is in the these spaces that the molecules keep on moving conti- 
nuously in different directions. Figure 32 represents & box having 
walls A, B and C and containing 4 number of molecules as shown 
by black dots, They are moving in various directions shown by arrow- 
heads. It is apparent that due to such motfons some might collide 
with each other, while some others might strike against the walls. 
However tiny they might be, molecules possess some mass and 
hence a certain amount of inertia. Hence a molecule continues 
to move in a straight line until it knocks against the walls of the 
containing vessel or with another molecule. Is is only when a colli- 
sion occurs that there is a deflection of the path of a molecule. 
Against the walls of the containing vessel a large number of knocks 
thus occur every second. Such continual hailstorm of particles tends 
to push the wallout. This results in a steady pressure, which is the 
pressure exerted by the gas. By virtue of being in continuous motion 
the kinetie energy possessed by the molecules manifests itself as the 
temperature of the gas. Such an idea regarding the mechanism of 
gas pressure was advanced by Joule in 1853. which was later on 


modified by Maxwell 


Suppose there are N 
molecules enolosed in & 
cubical box, the length 
of each edge being a. For 
the sake of simplicity 
assume that all the 
molecules have an equal 
speed c and that each of 
them behaves ss a per- 
fectly elastic sphere of 
mass m. Since the num- Fig. 82 Fig. 38 
ber of molecules is extremely large, we can imagine that at any instant 
one-third of the total number of molecules moves perpendicular to the 
pair of faces (A,A), one-third to that of the faces (B.B) and one-third 
to that of the faces (0,0). Take the case of a molecule which is moving 
at right angles to the pair of faces (B.B) (Fig. 33). Starting from any 
wall of the pair, it must travel a distance 2a before impinging on the 
same wall, hence the time taken between any two consecutive hits 
on the same wall is 2a/c and so the number of hits per second on any 
wall is c/2a. 

Again, since after & normal impact on any wall a molecule 
retraces its path, its velocity changes from+e to—c Thus, considering 
the impact to be perfectly elastic, the change in velocity is 2c and the 
change of momentum of any molecule for one impact is 2mc, In unit 
time the change of momentum for a molecule is, therefore. 


2 
[4 

2-9 x9mo-79.. 

2a a 
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Now by assumption N molecules move prependicular to any 
pair of faces. Therefore such molecules the rate of change of 
momentum is Ne . which represents the force on an area 0”, 
2 1 Nme? 
Thus the pressure p—/oree 1 Nemo? _1 


area toe! iatis. oV 
where V represents the volume of the gas. 


, 


ibe Py-l Nme? geod) 
. d F 
But V c.c. of the gas contains N molecules, each of mass m. Thus 
we haveN™ =p, where P is the density of the gas. 


we have? <p, where P is the density of the gas. 


In other words, p-iee. .4(88.8) 


Boyle's Law and Kinetic Theory of Gases—If the mass of a gas be 
compressed into a smaller volume, while the average kinetic energy of 
the molecules remains unchanged, a large number of impacts take 
place per second against the walls of the contaning vessel and 
cause an increase of pressure. If the volume is increased, the number 
of impacts per second naturally decreasesand sothe pressure decreases. 
At a constant temperature c" remains constant and so. as is evident 
from (39.2), P/P is a constant. But since P varies as 1/V, the product 
PV is constant. Viewed from the standpoint of Kinetic Theory, 
this is an interpretation of Boyle's Law If M be the mass of a gas 


Occupying a volume V at the pressure P, then since P=M/V, (39.2) 
may be remodelled ag 


PY= quet. .. (89.3) 


Physical Interpretation of the Absolute Zero—If there are N mole- 
cules, each of mass m contained in a volume V ofa gas and if c* 
be their mean square velocity, mean kinetic energy of this volume 


; 1 
of the gas ig—;. Nmo* = yros, But from (39,2)and (39,3) it follows 
that: 


Kinetic Benery= 5 Mc? -$Pv-iur. (39.4) 


Hence the K, E, of a given mass of a gas is proportional to the 
absolute temperature. Thus at the absolute zero degree the K. E. 
Possessed by the molecules tends to vanish. This may be taken as 
the physical interpretation of the Absolnte Zero. (For further evi- 


dences in favour of Kinetic Theory vide, HEAT, Appendix F, at the end 
of Chapter IV.) 


Reference 
Art. 32 


Art. 38 
Art, 36 
Arts 


38 & 34 


Art, 34 


Arba. 
84 & 35 


Art, 34, 


Art, 84 


Art, 35 


Art. 36 


Art. 36 


Art. 36 


Art, 34 
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EXERCISES ON CHAPTER IV 


1. A flask witha capacity of 500 c.c. is heated to 87°C at 
atmospheric pressure and then corked up. It is then inverted 
and immersed in water at 24°C. The cork is removed. What mass 
of water will enter the flask. if the pressure remaing the same as 
above ? (Density of water at 24°C is 09973). 

Ans. 87°26 gm. 

2. Describe an experiment to find the coefficient of expansion 
of a gas at constant pressure. 

(O. U—1940, '49 ; Pat. U—1922 ; Nag. U.—1951) 

8. Enunciate Charles’ Law. Describe a simple experiment for 
the verification of the law. (Cal., Pre. U.—1961) 


4, Explain how thermal expansion of air can be utilised ag a 
convenient means of measuring temperature. What are the 
advantages and disadvantages of a gas thermometer? =~ 
(Gau. U.—1961) 

5. Describe the constant volume air thermometer and explain 
how you will use it to find the temperature, 

(P. U.—i951; U. P, B.—1954 ; R. P, B.—1944, 40) 

6. State and explain the law of the variation of pressure of 

a gas with its temperature at constant volume. Hence define 

the absolute zero of temperature. Describe an experiment to 

verify the law. (V. U —1964) 

7. Describes form ofan air thermometer and explain how 

this could be used to determine the melting point of napthalene, 
Why has gas thermometer been chosen as standard ? 

(R. B.—1941) 


8. The pressure in the bulb ofa constant volume air thermo- 
moter is 74cm. at 0"O, 101:2 cm. at 100°C and 52°8 cm. when the 
bulb issurronn:ed by solid carbon dioxide. Calculate the tempe- 
rature of solid carbon dioxide. (Del, H., 8.—1949) 


Ans, —'8'40. 


9, Whatis meant by absolute temperature? Find the value 


of absolute zero on the Falirenheit scale. 
(Gau. U.—1951 ; O. U.—1908, '49) 


Ans, —449"4R, 
10. Establish PV=RT fora porfect gas, (E. P, U.—1953); 
Q. U.—1950 ; U. P. B,—1951, '53, Mys. U.—1952 ; 
Raj. U.—1949, 65; M. B B.—1962 ; Nag. U.—1983, "53 

11. Calculate the value of the gas constant for carbon 
dioxide, given that 224 litres of the gas at N. T. P. weighs 
44 gms. (U. P. B.—1947 ; R. P. B.—1945) 

‘Ans. 832x107 ergs/"C. 

19. A gas at 18°C has its temperature raised, go that its volume 
is doublod, the pressure remaining constant. What is its final 
temperature ? 

Ans. 299°C. 

13. The pressure of air in a vessel is 10* dynes per sq. 
om, at 30°C. Findin centigrade degrees the value of the tempera. 
ture at which the pressure will be doubled, given that the 
pressure of air increases by "0036 of its value at O°C per 
degree rise of temperature, {Ignore the increase in volume of 
the vessel). (Y. U.—1952) 

Ans, 333°C. 


62 INTERMEDIATE PHYSIOS 


14. A bicycleis standing in shade where the temperature 
is 80°F. It is then taken out into the sun where the tempera- 
ture is 140°F. Find the percentage increase of pressure within 
the tyre. 

Ans. 99%. 

15. A litre of hydrogen at N. T. d d gm. NM 
is the weight of a litre of this gas at an cm. pressure 
Mn 3 (E. P. U.—1952) 

Ans, 0'8gm. 

16. One litre of air at N. T. P. weighs 1203 gm, Fiad the 
»value of R for air (g=980 cm./sec.* ; density of mercury —13'6). 

(U. P. B.—1951) 

Ans. 8°03 x 107 ergs/°O. 

17. A vessel of capacity 210 litres contains gas at N. T. P. 
The vessel is heated to 26°C ; but there being a slight leak, the 
(pressure remains constant. If the original mass of tne gas 
were 185 gms., find the mass of gas remaining in the vessel. 
(The volume of the vessel may be taken to remain unchanged). 

Ans, 168 gms. 


18. The measurement of a room is 10 ft.x30 ft, X25 ft. If 
the temperature of the room: be increased from 20°O to 250, 
-esloulate what percentage of the original volume of air will be 
expolled from the room, the pressure remaining constant. 
: (U. P. B.—1949) 
Ant. 17, 


19. Containing a little air at 27°C. a barometer tube is 
fixed inverted over a deep cistern of mercury. From the mer- 
cury surfacein the cistern the height of the mercary column 
in the tube is 61 cm., while the barometer reads 76cm. Find 
by how much the level of mercury in the cistern must be raised 
fo that the position of the mercury meniscus in the tube may 
remain the same when the temperature of the closed air is 
raised to 87°0. : 


Ans. 8 com, 


20. A flask containing dry air is corked upat 20°O, the 
pressure being 76 cm. of mercury. Calculate the temperature 
„at which the cork would be blown out, if this occurs when the 
pressure inside the flask is 1°7 atmospheres. (Raj. U.—1955) 
Ans. 22°10, 


21. Under pressure of 770mm. mercury and ata = 
fature of 20°C a corked bottle contains some iis, It d irse 
»fireand the temperature rises to 200°C. If the surface of the 
cork exposed to the air in the bottle be 9 sq. cm., in area what 
will be the force on the cork urging it out? (g=980 cm, per 
sec,* ; density of mercury =13°6). 

Ans. Total forco=(pressure) X (area) 55:67 x 10* dynes, 


22, Given that the universal gas constant Ris 8315x107 
ergs per gramme-molecule per degree Centigrade, calculate 
the volume oecupied by 6 gms. of oxygen at—80°C and 90 cm. 
Find also the molecular weight ofa gas, 60 gms. of which 
occupy a volume of 10 litres at 200°C and 38 om. 


Ans. 3155 c.c. ; 491. 
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Reference 
Art. 36 


Arts, 96 


Art. 36 


Art, 36 


Art, 86 


Art. 96 


Art, 36 


Art, 86 


Art, 36 


Reference 
Art. 36 


Art. 36 


Art. 36 


Art, 86 


Art, 36 


Art. 36 


Arts. 
98 & 34 


Art, 87 


Art, 37 


Art. 88 


Art, 39 


Art, 89. 
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23, Calculate the change in volume during expansion of 1 gm. 
ofhydrogen when heated from 25°C to 26°C against the atmos- 
pherio pressure of one million dynes per cm?. Given gas 
constant R=8'3x 107 ergs/gm. molecule] degree centigrade. 


(R. P. B.—1951) 
nns. 41°5 c.c. 


94. Ata pressure of 15 Ibs, wt. persq. in. and ata tempera- 
ture of 20°C acylinder contains 6 cu. ft. of gas. The yolume of 
the gas in the cylinder is kept constant and the pressure is changed 
to 150 lbs. wt. per sq. in. What should be the temperature of the 
gas, if the volume is found to be 2'5 cu. ft. 

Ans. 947"80. 

95. A vessel contains 1000 litres of a gas at 0°C and at 740 mm. 
pressure. Find the pressure of the gas when the tomperature 
rlsas to 27°0. (U. P. B.—1953) 

Ans, 813°2 mm. 

96. Twenty c.c. of hydrogen are at a pressure equal to the 
pressure at 50 cm. below the surface ot water exposed to the 
atmosphere when the barometer reads 75 cm. The temperature 
of the gas is 29770. What would be its volume under N. T. P.? 
(Density of mercury =18'6) * 

Ans, 18'84 c.c. 

27. Alitre of gas at 10°C is heated until both volume and 
pressure are doubled. What ia the temperature then ? 

(C. U.—1947) 

Ans. 859°C. 

28. A litre of oxygen at N. P. weighs 1'429 gm. Find the mass 
of 10 litres of oxygen at—35°C and 77 cm. pressure. 

Ans. 16°59 gm. 

99. Prove that fora perfect gas the volume and the pressure 
coefficients are equal. 

(Nag. U.—1953 ; R. P. B.—1949 ; U. P. B.—1947 ; Del. U.—1952) 

30. Compare the density of air at 10°C and 750 mm. pressure 
with that at 16°C and 760 mm. pressure. 

Ans. 6400; 5377. 

51. Ona certain day the barometer reads 75 cm. and the 
temperature is 40°O. On being taken to the bottom of a mine 
where the temperature is 27°C, the barometer reading increases by 
4om. Find the ratio of the density of the air at the bottom of 
the mind to that of air on the ground level. 

Ans, 79998; 1 

82. Describe the standard constant volume hydrogen thermo- 
meter. Explain how it may bo used to measure temperature. 
Mention the advantages of a permanent gas over mercury as a 

hermometric substance. (Raj. U.—1959, '54) 

33. How do you account for the pressure of agas ina closed 
space and on what factors does it depend ? 

; (Pat. U.—1939) 


34, Write short notes on the molecular motion in gases, 
C. U.—1949) 


— 


CHAPTER V 
CALORIMETRY 


40. Quantity of Heat : Unit of H at—It!has already been 
stated that heat is a form of energy and as such, iit is a ‘meaewrable 
quanitity. Thus when a body is 
heated, it gains heat from the 
heater, and when cooled, it gives 
away heat to the neighbouring 
bodies, Aga!n, a given mass ofa 
substance requires a quantity of 
heat for its rise of temperature. 
If the mass is doubled, the 
quantity of heat required for 
the same rise of temperture 
also is doubled; the two quan“ 
tities of heat are here added. 
Quantities of heat, therefore, obey 
arithmotical laws of addition and Fig. 34—Calorimetors 
subtraction, 


Calorimetry deals with the measurment of quantities of heat. 
The vessel, which is ordinarily used in such measurement, is known 
asa calarimeter, It is a cylindrical vessel © usually made of copper 
and provided with a stirrer S of the same material. Figure 34 repre- 
Sents two calrimeters of different sizes. The unit of heat is defined 
.to be the quantity of heat required to raise one gramme of pure water 
ew l'O, This unit is called calorie of sometimes gramme-degree 

alorie', 


It is found experimental 
gramme of water through 1*Q i; 
lure, Ib decreases from 0°O to mini 
As the variation of hoat equivalent 
small, the difference nead not be t; 
is required. 


Although a calorie is that unit most commonly used, other units 
also are prevalent. Termed the kilogramme calorie, that continental 
Engineer's Unit is the amount of heat required to raise 1 kilogramme 
of water through I'O. _ The British Thermal Unit (B Th. U.) is the 
quantity of heat required to ralse | lb. of water throngh 1°F. The 
therm is a special unit used by gas companies and is the quantity 
of heat required to raise 100 ]b, Of water through 100'F and so 
equals 100,000 B Th, Untis, The heat required to raise 1 1b, of 
water through 1°C is also used as aunit in Great Britain and is 
known aa the Centigrade unit (lb, deg, C.) The quanitity of heat 
required to raise m gms. of water throught °C is, therefore, mt calories. 


Conversely, mí i i 
ved I qme of heat are given out when m gms. of water 
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5 z 
Since 11b.=4536 gm. and I'F=9 of 1°O, it follows that 


1 B. Th. Us X 4636 calories 252 calories 


and i Pound Degree Centigrade(C.H.U.)— 1'8B. Th. U=453'6 calories. 

Principle of Measurement of Heat—If two bodies at different 
temperatures be mixed, there will be sharing of the heat possessed 
by the bodies until they attain a common temperature. The heat 
given out by one body during the period of its cooling is taken up 
by the other body during the same period in reaching the common 
temperature. Assuming that no heat is received from or imparted to 
any body outside the system and that no chemical action occurs in 


the mixture, we obtain : e 
heat lost — heat gained, 


41, Specific Heat—lIt is found that equal masses of the same 
substance require the same quantity of heat so as to be heated through 
the same range of temperature. Conversely, it is also true that equal 
masses of the same substance give out the same quantily of heat 
when cooled through the same range of temperature. But it is 
found that equal masses of different substances take in (or give :out) 
different quantities of heat when heated (or cooled) through the same 
range of temperature. This can be demonstrated by a simple 


experiment described below. 
Take a number of small balls of different materials (say, lead, tin 
copper and iron) but of the same mass. Either in steam or in any. 
suitable bath heat them to the 
same ‘temperature. Remove the 
balls quicklyby meansof strings 
attached to them and place them 
simultaneously ona thick cake 
of paraffin wax (Fig. 35 '.Observe 
that each ball melts different 
E amounts of wax and consequ- 
Fig. 95 ently sinks to different extents 
Tt is clear that different balls, although of the same 
t in cooling through the same 
range of temperature, i.e.. from the temperature of the bath to that 
at which wax melts. The above fact is due to a difference in some 
specific property of the materials of the balls and is expressed by, 
saying that different materials possess different specific heats 
The specific heat of & substance is the ratio of the quantity of heat 
required to raise a given mass of thesubstancethrough a range oflempera- 
türe to the quantity of heat required to raise an equal mass of water 
through the same range of temper ature. 


Let the specific heat of a substance of mass) m gm. be s. 


heat required to raise m gms. of the substance through tC 


Then s— heat required to raise m gms. of water through t C 
Pi/H—5 F 


into the cake: td 
mass, give out different quantities of hea 
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heat required to raise 1 gm. of the substance through 1°C 
~ heat required to raise 1 gm. of water through 1°C 
= heat required to raise | gm, of the substance through 170 
4 calorie 


Hence we'can also state that the specific heat of a substance is 
equal to the numberof units of heat in calorie required to raise the 
temperature of: 1 gm. of the substance through 1? 0... The very state- 
ment; therefore, that the specific heat of copper is 01 means. that 
the: heat required to raise 1 gm. of copper through any range of. tem- 
perature is Toth- of the quantity of heat required to raise 1 gm, of 
water throughthesame range of temperature ; in other. words, the 
heat required to raise 1 gm. of copper through 1?Q is one-tenth, of a 
calorie. As the specific heat is taken asa ratio. it is a mere number and 
is independent of the unit of heat chosen. Nevertheless, the specific 
heat is sometimes expressed in calories per gm. per degree centigrade. 

Brom the definition of specific heat it is easy to see that the : 

, heat, required to reise m gm. of the substance through t'O 
js X heat required to raise m gm. of water through t C 
is =s X mt calories msi calories. 

Conyersely, heat given.out by mgm, of the substance in cooling 
through t Ois mst calories. Similerly, the heat required to raise m 
pounds of the substance through ¢ F is=msi B. Th, U. Also the heat 
given out by m lbs. of the substance, in cooling through t F is— mst 


B. Th, U. 


.’, heat taken in or given out 
^ =mass X specific heat Xdifference of temperatures. 
42. Thermal Capacity and Water Equivalent—The thermal 
capacity (or the capacity of heat) of a body is the quantity of heat 
required to raise the temperture of a body through 1*0. 


Let the mass of a body be m gm, and the specific heat of the 
material of the body be s. 
"Then the thermal capacity of the body per 1°G=ms calories, 
Hence the Specific Heat:of:a substance is sometimes defined as 
its thermal capacity per unit mass and is referred ta as the specific 
thermal capacity of the substance. Further, the thermal capacity: per 
roi ere diac car ree heat required to raise unit volume of 
e substance throug: and is, therefore, 
of the density and the specific heat, ‘vi aoa 
The water equivalent of » body is the quantity of water (in 
grammes ) which would be raised through 1°O by the amount of heat 
required to raise the temperature of the body through 1°O, 
Let the mass of the body be m. gm. and the specific heat of -the 
material of the body be s. 
Then heat required to raise temp. of the body by 1°C=ms calories. 
Now this is the quantity of heat that raises the temperature of ms 
gm. of water through 1°O. 
». the water equivalent of the body es gm, 
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Hence the numerical portions of the expressions for the thermal 
‘oapacity and the water equivalent of a body are the same. 
Thus for a body of mass 100 gms. and made of copper (s=0'1) 
the water equivalent =(100 0:1) gm. —10 gm. 
and the thermal capacity =(100 x 0^1) eal. —10 cal. per °C 
— 48, Regnault's Calorimeter—In experiments on measurement 
‘of heat two bodies, one being hot and the other cold, at known tempe- 
fatures are very often mixed together ina calorimeter. When the 
“exchange of heat is complete the resulting temperature is measured 
with a thermometer. For this purpose an apparatus, originally designed 


Fig. 36 Fig. 37 


‘by Regnault, is very useful. It consists of a calorimeter © placed on 
a non-conducting support inside a larger wooden vessel (Fig. 36). The 
«calorimeter is provided with a stirrer R whereby any liquid within 
it may be wellstirred. Fixed toa stand, a thermometer T can 
be lowered into the calorimeter so as to read the temperature of its 
contents. For insertion ofthe thermometer and stirrer the calori 
meter can be covered with a suitable lid D witha slit. The purpose 
of placing the calorimeter in closed chamber is to reduce the loss 
of heat from it to a minimum. A sliding gate P stands as a partition 
wall between the calorimeter and the steam-heaterS. Whenever 
necessary, the gate may be slided up and the chamber containing 
the calorimeter may be brought below the stand just under the 
Steam-heater- 

Steam Heater— The steam-heater Sis a mechanism in which a 
small-body may be heated by steam not by direct contact. In 
Figure 37 it is represented in section. It consists of two coaxial hollow 
‘metal cylinders (A, B), usually of copper, the air space between them 
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being closed at both the ends. Serving as the inlet and the outlet, 
the pipes are connected to the annular space. A boiler containing 
water, is connected with a rubber tubing to this inlet pipe at the top. 
Onheating the boiler steam passes throughthespace between the two 
cylinders and escapes through the outlet pipe at the bottom. By aid 
of a cork at the top and a movable shutter O ati the bottom the inner 
cylinder is closed, Inside the heater the body © is suspended by 
a thread passing through a hole in the cork, With its bulb close to 
the solid the thermometer £is inserted through another hole, The 
solid is thus indirectly heated by steam. 


44, Determination of the Water Equivalent of a Calorimeter— 
‘Take a clean and dry calorimeter with a stirrer. Weigh the calorime- 
ter with the stirrer. Fill more than half of the calorimeter with cold 
water and weigh again. The difference between the two weights gives 
the mass of water taken. ‘Note the temperature of the water by 
putting a thermometer init. Inside a larger vessel place the calori- 
meter with its contents on a non-conducting support, the thermometer 
being held immersed in water by a suitable clamp. The inside surface 
of the calorimeter and the inner surface of the surrounding vessel 
should be highly polished and the intervening space is packed with 
cotton wool. This minimises radiation of heat, 


Boil some water in a vessel with a thermometer immersed in it. 
Note the temperature of the water and quickly pour off some quan- 
tity of it into the calorimeter. Stir the mixture well and note the 
final temperature. Allow the calorimeter to cool and then weigh it 
again with its contents. The difference between this and the second. 
weight gives the mass of hot water added, 


Let the water equivalent of the calorimeter and stir: er bee W gm, 
> mass of cold water taken 


= m.. 
» initial temperature of water and calorimete =H, 
» temperature of the hot water added =t 0, 
» final temperature of the mixture =?C, 
» mass of hot water added =m’ gm. 
Then in cooling from te°C to tC heat lost by m’ gm. of water 
=m'(t,—t) cal« 


and in rising from £4'O to tC heat gained by cold wat 
and heat gained by calorimeter and 
Assuming that no heat is exchanged with an 
` heat lost=heat gained. 
a m (te 2) m — t, )H- W(t — 4). 


er-—m(t-— 14) cal. 
stirrer = W(t—1,) cal. 
y external body, 


or W(t— t) ms — i) -m(t—1,), 
` —ta — 1 
W=m =," (T) 


All the quantities.on the right side of (44*1) being known, W can 


be calculated, The result can be verified from the relations W — Ms; 


when M is the mass of the calorimeter with stirer and s is the specific 
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heat of the material of the calorimeter. (Fora method of radiation 
eorrection in calorimetrie experiments vide Practical Physics, All 
India Edition by J. Chatterjee. 


Examples $ 


1. A calorimeter contains 30 gms. of water at 98°C, A quantity of 44 gms. of 
water at 57°C is poured into the calorimeter and the contents are well stirred, 
attor which the resulting temperature is found to be 43°C. Find the water equiva- 
lent of the calorimeter. 


Ans, Tat the water equivalent of the calorimeter be W gm. 


Now heat lost by hot water 44x (57— 43) calories 
‘and heat taken by calorimeter and water in it ={(W+30) x (43 — 28)) calories. 

Hence (W 4-30)(48— 28) =44 x (57—43), whence W=11'07 gm. 

2. A Dowar flask is filled about three-quarters by water ata high fomperature. 
The wator is rolled about the flask untila uniform temperature of 95°0 is attained, 
Tho hot water is emptied away and 50 gms. of cold water at 15"0 aro poured in. 
After shaking, the resulting temperature is observed to be 31°0. Calculate the water 
equivalent of the flask. [Gau. .—1952] 


Ans. A Dewar flask isa contrivance wherein either a hot substance ora cold 
one can be preserved without any appreciable loss or gain of heat from the surroun- 
ding atmosphere (Obap. VIII). The object of rolling hot water inside the flask is to 
raise ity temperature. Whea hot water is thrown away, the temperature of the flask 
is found to be 95°O, which is thus its initial high temperature when empty. If the 
um equivalent of the flask be W heatlost by the flask-(95—31) W cals = 64 

cals, 

Again, in rising from 15°0 to 31°C heat gained by 50 gms. of cold water= 
:50» (81 — 15) cals =(16 x 50) cals. i 
16x50 

64 

3. A piece of lead at 99°C is placed in a calorimeter containing 200 gms. of 
water at 15°O. After stirring, temperature stands at 21°C. The calorimeter 
"weighs 40 gms. and is made of a material of specific heat 0'1. Calculate the thermal 
capacity of the piece of lead. 

Ans. Tet the required thermal capacity be W calories. 

Host lost by lead in cooling from 99"0 to 21°C is= (09— 21) W cal=78 W cal. 

Heat gained by the calorimeter — (40 x 01x (21—15)} ca1— (4 x 6) cal, 

Heatgained by water inside (200 x (21— 15)} cal, —1200 x 6) cal, 

80 that the total heat gained (4 X 6-- 200 x 6) cal, — (204 x 6) cal. 

Hence we derive 

18 W —904x6. whence the required capacity W=157 cal, 

4. The densities of two substances are 88 2:3 and their spocific heats 
aro 019 and 009 respectively. Compare the thermal capacities per unit 
volume. 

Ans. Let the densities of the two substances be 2p and 3p respectively. 

Then the mass of unit volume cf the first substance=2p gm. 

and mass of unit volume of second substance=5p gm. 

Hence the thermal capacity per unit vol. of the first substance=(2p x 0'12) cal. 


and that of the second substance — , = (3p X 0'09) cal. 
. thermal capacity per unit vol. of the first substance 2px 0'12_8 


'' thermal capacity per unit vol. of the second substance 3px0'09 9 


45, Determination of the Specific Heat of Solid—(by the 
Method of Miature)—Take a clean dry calorimeter and weigh it 


On equating, the required water equivalent W= =12'5 gms. 
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with a stirrer of the same material Pour a suitable quantity of 
water into the calorimeter and weigh it again. Difference bet- 
ween these two weights gives the mass of water taken, Note. the 
temperature of the water. Take a suitable piece of the solid whose 
specific heat is to be determined and weigh it. Heat the solid in a 
steam-heater, Note the tempersture of the inside space of the 
steam: heater when it has become steady. Then bring the calorimeter 
under the heater, move away the shutter D. quickly drop the solid 
into the calorimeter and immediately remove the calorimeter. Stir 
the water well and note the final temperature of the contents of the 
calorimeter. 


Let the combined mass of the calorimeter and strirrer be = W gm, 


4 specific heat of the material of the calorimeter =s’. 

» mass of water taken =m gm, ` 

» intial temperature of the water and calorimeter =44°0,; 

» mass of solid : —M gm. 

» steady temperature of the solid in steam-heater =i°C. 

., final temperature of the mixture RR A 
and the required specific heat of the solid - =. 


Now in cooling from t°O to tg°C heat lost by the solid, 
wpa =Ms(t—t,) cal. 
Also, in rising from ¢,°C to 4,^0 heat gained by calorimeter, stirrer 
and water={Ws(ta—t,)+m(t,—ti} cal. = (Ws' 4m) ta — £,) cal. 
Assuming that no heat was exchanged with any outside body. 
heat lost == heat gained 


so that Ms(£—1,) (Ws^-m)tt4—1,) 1.451) 
whence s= V5 Em | tatiz. 
i-is 


Sources of Errors and Precautions, 


(1). In being transferred from the heater ti 
the solid. This makes the observed ifo 
dropping the hot solid directly into ao Rit eur 
the heater, 


on and radiation from the caloriméter to the 
ieee BeTa ane n ata higher temperature than he latter: This 
following way :— pecific heat too low and can be minimised in the 


(i) The calorimeter is placed on non, 


very little » 80 that the loss of heat by conduction is made 


(ii) The onter surface of the 
d e calorimet 
Voy sy „This minimises logs of heat = Fete tes c pa 
E e water in the calorimeter ia Previously cooled ag much b J th 
perature as’ the final tem i "Y DNE 


3 perature is aboveit, By thi é 
temperature of the calorimeter and its contents if EE SOON 


iem pose A that the gain of heat ‘by the calorimeter and its contents 
an a ue to radiation during the first half of the experiment is 
Practically compensated for by the loss during the second half, This is known 
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as Rumford’s Compensation Method (A detailed process of: correction. for. radia- 
tion is given , in, Intermediate Practical Physics, ‘All-India Edition, by J. 
Chatterjee). Ne 

.(3) The changes of temperature should be very accurately anü'caretully deter- 
mined by a sensitive thermometer. Juda 


(4) In the case of a pad conducting solid it should be broken (into sual frag- 
ments, 80 that heat can evenly diffuse through the mass and the different pieces may 
bo.raised to the same temperature. ^ 
Examples $ i 

ole A body of mass 100 gm. at 19070 is plunged into 800 gm. of water at) 
20°0 contained im a copper calorimeter of mass 50 gm. The. final: temperature 
attained is 3070. Find the specific heat of the material of the body, (Sp. bt. of 
copper =0 09). : I 
‘Ans, Denote the required specific heat by 8. : 
Now in cooling from 120°C to 30°C heat lost by the bo^y 
={100 x (120— 30)}s cal. 

Also in warming from 20°C to 30°C heat gained by the calorimeter and’ ’ 

water ={(50 x 0'09-++300) x (30—20)} cal. 

Sinco heat lost =heat gained, we get 9000 s=3045, or 8-94, 

Thus the required specific heat is "34, 

2, Equal volumes of mercury and glass have the same capacity for heat. Oalcu- 
late the specific heat of piece of & glass of specific gravity 2°5, if the specific heat of 


mercury is '033 and ita specific gravity 19'6. Nm 
Ans. Let the sp. ht. of glass bes and the vol. of the glass piece be V c.c. 
;. mass of the glass piece 1 =(2'5 x V) gms. 
Also mass of mercury taken —(13:6x V) gms. i 
Hence of V. cc. of glass the capacity for heat=2'5xV Xs. 
Also s n mercury =13'6x V x (033, 


On equalisation, qox Vxscl13 OX VX ‘033, whence s—0'18. 
This gives the specific heat sought for. 

45, Determination of the Specific, Heat of a Liquid—(by 
the Method. of Mixtura)—Teke a clean dry calorimeter and weigh it 
together with a stirrer of the same material. Take, some amount, of 
the given liquid in the calorimeter and weigh again. The difference 
between these two weights gives the mass of the liquid taken... Note 
the temperature of the liquid and the calorimeter, 

Take apiece of a solid of known specific heat and weigh it. It 
must be ensured beforehand that the solid is insoluble. in. and 
chemically unaffected by the given liquid. 

Ina steam heater heat the golid to a steady high temperature and 
note a temperature. Bring the . calorimeter with the liquid. under 
the beater, drop the solid into the liquid and quickly remove the calori- 
meter. Stir the liquid well and note the final temperature of the 
contents of the calorimeter. 


Let the mass of the calorimeter and stirrer be =W gm. 
” specific heat of the material of the calorimeter Si 
» mass of the liquid taken =m dm. 
^" initial temperature of the liquid and calorimeter =14°0. 
2 mass of the solid. . =M gm. 
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Let the specific heat of the material of the solid oo 
» Steady temperature of solid in the steam-heater xti 94 
A final temperature of the contents of the calorimeter =t,°C 
and ,, the required specific heat of theliquid =s, 


Now in the cooling from ¢°C to £,"O the heat lost by the solid 
—Ms,(t— t5) cal. 

Also in warming from t,°C to t.°C the heat gained by calorimeter, 
Stirrer and the liquid={Ws,(t.—t,)-+ s(t, —24)] cal. — (Wss--ms) X 
(ta ~ta) cal, - 

Assuming that no heat is exchanged with any outside body. 

heat lost =heat gained, 


whence Mse(t—t,)=(Ws,-+ms)(to — 54), 


or, ms(t2—t3)=Ms9 (t-te) — Wsi(ta— ir), (46.1) 
^as Msalt—t.)— Ws, (te — 14) 
whence s JEUDI IRI aE P= 


In the ease ofa liquid, which has no chemical action with water 
the specific heat may be determined by heating a quantity of it and 
then pouring it into a known mass of water in a calorimeter. If there 
be a chemical action between the liquid and water, the hot liquid may 
be poured directly into a thin-walled metallic vessel (preferably of a 
good conductor) of known water-equivalent, placed in a known quan- 
tity of water contained in a calorimeter, 


In the case ofa volatile liquid (such as, aleohol) a quantity of the 
liquid may be enclosed in a thin-walled vessel of a good conductor ; 
the vessel is almost filled with liquid and a thermometer is introduced 
through the cork, The vessel with its contents ıs heated to a kr own 
temperature and then transferred into water contained in a calori- 
meter. The vessel itself may be used as a stirrer and the final tempe- 
rature is given by the thermometer. Then proceeding as usual the 
Specific heat of the liquid is obtained. The specific heat may also 
be conveniently determined by Previously cooling the liquid to known 


low temperature and then dropping directly into it a piece of heated 
Solid of given mass and specific heat, 


Examples 3 1 


1. Milk of volume 900 c.c, and of density 1:08 at 30°C contained in a brass 
vessel of thermal capacity equal to that of S gms, of water is mixed with 200 gms. of 
water at 98°0, The temperature of the mixture is 64°C assuming that there is no 
loss of heat by radiation, find the Specific heat of milk, 

Ans. Let the required Specific heat of milk =s. 


Now the mass of the milk taken 
heat lost by water 


00 x 1*03) gms. = 906 gms., 
={200x (98— G4 j cal. 


—(200x 34) cal., 
heat gained by the milk 771200 x 1°08 x (64— 8015). cal. 
and heat gained by the brass vessel Ly x (64- SI (8 ns cal. 
There being na loss of heat, we obtain 
(8065-8) x 34— 900 x 34, 


0r, 2065--8—200, whence the required sp.cht, s—0:98, 
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2, The specific gravity of certain liquid is 0'8, and that of another liquid is 
05. Tt is found that the heat capacity of 3 litres of the first is the same as that 
of 2 litres of the second. Compare their specific heats. 

Ans. Let the sp2cific heats of the two liquids be s, and 5, respectively. 


Now the mass of 3 litres of the first liquid —(3000 x 0'8) gms. =2400 gms. 


and [3 2 litres „second ,, = (2000 x 0:5) gms. —1000 gms. 
Also the heat capacity of the first liquid is given by H, =2400X $4 
and j. second E P H,=1000x 85. 


» » 


As H, =H, we have 2400s, —10005;; whence s, 1 $45 : 12, 


47. Determination of the Specific Heat of a Liquid—(by the 
Method of Cooling)—Ifa given mass of liquid is kept in a certain vessel 
and is heated to a known temperature, then on allowing i$ to cool in 
an enclosure at a temperature lower than thatof the liquid, the rate of 
loss of heat is found to depend on (i) the temperature of the liquid, 
(ii) the temperature of the enclosure and (iii) the nature and extent 
cof the surface of the containing vessel. The rate of loss of heat does 
not, therefore, depend on the;nature of the liquids. Hence, if allowed 
to cool in such a way that the above condition does exactly hold good 
in each case, different liquids will lose heat at the same rate. This 
principle is applied in comparing specific heats of liquids by the 
method of cooling. 

A copper calorimeter blackened on the outside, is taken with a 
stirrer of the same material. Weigh the combination. With hot 
water fills about two-thirds of the calorimeter at a temperature of 25° 
to 30° higher than the room temperature. Place the calorimeter on 
non-conducting supports inside a large copper vessel blackened on the 
inside, To introduce thermometer and the stirrer the outer vessel may 
be covered with alid with small holes. Start a stop-watch and stir 
the water gently. For about 90 minutes note the temperature at 
intervals of one minute. Then weigh the calorimeter with its 
contents, when cool ; the difference between this weight and that of 
the empty calorimeter with a stirrer gives the mass of water taken, 

Now throw away the water from the calorimeter. Heat a suitable 
quantity of the given liquid in another vessel to about the same 
temperature as that of the water previously taken and fill the calori- 
meter with the hot liquid up to the same level as before, the 
calorimeter being placed as before. Stir gently. For almost an equal 
range of time note the temperatures afi intervals of one minute. Then 
weigh the calorimeter with its contents. The difference between this 
weight and that of the empty calorimeter with stirrer gives the mass 
of the liquid taken. From these data draw on a graph paper the time- 
temperature curves for the two liquids and thence find the times 
taken by the water and the liquid to cool through an equal range of 
temperature. 

Let the mass of water taken be =m gm. 
water equivalent of the calorimeter =M}; gm. 
time taken by water to cool from 0,90 to 0,*0 1, sec., 
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| t.Leti the mass of liquid taken “se gm. 
^U $^ time taken by the liquid to cool from 0,° to @,°=t, sec, 
» Specific heat of the liquid =s. 
-'. in eooling during 2, sec, heat lost by water = mi(03 — 03) 
S (m-- MiY(0. —04) 
«`. rate of loss.of heat from water and calorimeter > teh SUN 
Again EA ta sec. heat lost by the liquid — Ms(94 —0,). x : 
i b is + M4)(04 — €. 
V ráte of loss of heat from liquid and calorimeter Ms: Mi) (03 $ T —— 
| 


Hence from the prineiple stated above we can readily obtain 


(m+ MiY(0. = 0) |. (Ms-- M, Y0s — 04) . 


115 ty ls 
bwh 2ovEMJG M. 
"Rae pie abe PE SANT dg 


Examples : 


1. 50 gma, of water and an equal volume of alcohol (relative density =0'8) 
sre placed one after the other in the same calorimeter. They’ are found to' cool 
from 60°O t0'55°O.in two minutes and.one minute respectively. Find thé specific 
heat of alcohol. The water equivalent of the calorimeter is 2 gm. 


A [U. P. B.—1951] 
Ans, Heat lost by 50gm. of water inside a calorimeter of water equiva- 
lent 2 in cooling from 60'0 to 55*0 in two minntes — ((504- 9)(60 — 55)) cal= 
260 cal. 
P 100 13 
+s) tate of loss of heat from water and Chet LI eee cal./seo, 


6 
` Again 50 gms. of water occupy a volume of 50 c.c. Therefore the volume of 
alcohol taken is 50 c.c. and its mass is (50x0'8) gms.—40 gms Let the 8p. 
ht, of alcohol be s. 


Heat lost/by 40 gms, of alcohol and the calorimeter in cooling through the same 
range in one minute ia 


= {(408-+-2}(60—55)} cal, = 10(208 +1) cal, 


v. tate of loss of heat from alcohol and ealorimetor = 20120541) s f 


= SOFT at face, 


The law of cooling then gives meom, 
whence the required specific heat $2506. 


The following Table supplies. the Specific heats of some common 
substances : 
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Specific Heats of Common Substances 


Substance Sp. Ht. ! Substance Sp. Hi. | Substance Sp. Ht. 
Brass “088 Gold “03 Mereury “04 
Copper “094 Glass 16 Ice *50 
Iron 119 Marble 22 Mustard oil *50 
Lead "031 Turpentine "42 Castor oil “44 
Silver "055 Olive Oil “4T Bromine "51 
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48. Specific Heat of Gases—The specific heat of a gas 
depends on whether the quantity of the gas is heated at constant 
ale or at constant pressure. Gases, therefore, have two specific: 

eats $ 


The specific heat of a gas at constant volume (Cv) is the number of 
units of heat required to raise the temperature of 1 gm. of the gas 
through 1°O, the volume being kept constant. The specific heat of a 
gas at constant pressure (Cp) is the number of units heat required 
toraise 1 gm. of the gas through 1°C, the pressure being kept constant. 

The specific heat of a gas at constant pressure (C5) is always 
greater than the specific heat of the gas at constant volume (Ov). For, if 
a unit mass, say 1 gm., of the gas is heated through 1°C at & constant: 
volume a quantity of heatis required for the purpose. But ifthe 
mass is heated through 1°C at constant pressure, then in addition to’ 
the heat required to raise the temperature through 1?O some amount 
of heat must be necessary to supply the energy for the work done 
during expansion against the external pressure. In the case of diatomic 
gases (e g., nitrogen, hydrogen, etc.) the ratio of Cv to Op is 1°41 and 
for monatomic gases it is about 16, 

Determination of the Specific Heat of a Ges at Constant 
Pressure —(Regnault’s Method) — The specific heats of various gases at 
constant pressure were determined by Regnault. The gas is com- 
pressed in a reservoir R (Fig. 88) kept ina constant temperature 
bath, from which a steady stream of it is made to flow out through 
the pipe P, A valve V which regulates the amount of flow, keeps 
the pressure of the gas constant. The pressure is read by a mano- 
meter M. The gas then passes through a long spiral tube immersed 
in an oil bath H and is thus heated to a known high temperature 
as recorded by the thermometer. Tt then passes through a copper coil 
which is immersed in water contained in & calorimeter O. In the 
process of its circulation through the copper spiral within the ealori- 
meter the gas gives up its heat to the water ard finally escapes into 
the air. The rise of temperature of the water in the calorimeter ig: 
noted. From the change of pressure in the reservoir the mass of the 
gas, which has come out, is calculated. On equating the heat lost by: 
the heated gas to the heat gained by the calorimeter and its contents, 
the specific heat of the gas at constant pressure is calculated. 
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Tf the temperature of the oil bath be T4, and if the initial and final 
&empera&ures of the calorimeter and its contents be t°C and t.°O, we 


Fig. 38—Regnault’s Apparatus 


may suppose that the fall of temperature of the gas is{Ta — (t1 +ta)/2}. 
If m be the mass of the gas which has left the reservoir and if Op be 
its specific heat at constant pressure, the heat lost by the gas is mC» 


x (n, - 759]. The heat gained by the calorimeter and its contents 


is (M+m)(tı—ta) where M and mare the water equivalents of the 
calorimeter and the mass of water contained. Equating the two 
terms Op may be found. : 


Determination of the Specific Heat of a Gas at Constant 
Volume—The specific heat of a gas at constant volume has been deter- 
mined by Joly with steam calorimeter. (Vide Art. 56.) Ths gas is enclo- 
‘sed in a copper sphere which is suspended from the pan of a balance 
‘within an enclosure. By weighing the sphere again when it is empty 
sand once again when it is filled with the gas, the mass of the enclosed 
gas is known. When steam is passed into ths enclosure, it condenses 
on the sphere until the temperature of the latter with its content 
comes to that of the steam. From the mass of steam condensed the 
amount of heat taken by the sphere and the gas to rise through the 
temperature is known. From this the heat required by the mass of 
the enclosed gas for the rise of temperature is obtained and hence the 
specific heat of the gas at constant volume is found. 


49. Observation on Specific Heat of Water—It is found that 
of solids and liquids. water has the highest specific heat. This means 
that a given mass of water absorbs more heat in warming and gives 
‘oul more heat in cooling through a given range of temperature than 
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an equal mass of any solid or any other liquid. It is for this reason 
that water is preferably used in hot water bottles, in foot warmers 
and in hot water pipes for heating rooms in cold countries. Again, 
when kept in the sun for some time, @ quantity of water becomes less 
hot than an equal mass of any other material. 


The use of water as a calorimetric substance, although almost uni- 
versal, is found inconvenient for the following reasons * 


(1) Owing to the high specific heat of water. variation of its 
temperature due to small quantities of heat cannot be appreciably 
measured, » 


(2) Owing to the variation of the specific heat with temperature 
water is not suitable for very accurate work. 


Again, land is more easily warmed or cooled than water. The 
temperature of an island is, therefore, much influeneed by that of the 
surrounding sea. In fact, the tempetature of an island is an average 
betweon those of the land and the sea. Thus, during summer when 
the sun isabove the horizon for a long period, the temperature of 
island is lower than that of the continent; again, during winter when 
the sun is above the horizon for shorter period, the temperature of the 
island is higher than that of the continent. Further, during day the sea 
is less heated than the continent ; but during night water cools more 
slowly than the land and so maintains the temperature of the island 
which does not, therefore, cool so much as the continent. It follows, 
therefore, that extremes of heat and cold are controlled by the sea, se 
that an island or a sea-side place has a more equitable climate than 
an inland place of the same latitude; the sea may thus be ealled a 
moderator of climate. 

50. Measurement of High Temperature by the Calorimeter 
Method—A high temperature (say, that of a flame or a furance) may 
be found by (1) Platinum Resistance thermometer, (2) Thermoelectric 
couple and (3) Calorimetric method. The first two are dealt with in 
the Part on Voltaic Electricity. 

Calorimetric Method—A suitable piece of a solid of known mass 
and specific heat is placed in contact with the source of the high 
temperature till the mass acquires this temperature. A calorimeter 
with sufficient water is taken, the heated solid is thrown into the 
water and the final temperature is carefully noted. 


Let the water equivalent of calorimeter and stirrer be =W gm. 
, mass of water taken =m gm. 
5 mass of the solid taken =M gm., 
„ specific heat of the solid E 
„ initial and final temperabure of the water =ġ and ts 
., temperature of the source =i 


Then as before Ms(é—ta =(W+m)(t,—ts): 


(1,— x 
whence po UE TE as 
s 


Á 
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-"^galorifie' value of a Fuel—The calorific value of a fuel is the 
‘amount of heat given out, when a definite mass (say, 1 1b) of the fuel 
4s completely burnt. Thus when we say that the heating value of a 
sample of coal is 10,000 B.Th. U. per pound, we mean that the heat 
produced by the complete combustion of 1 1b. of coal of the particular 
sampleis 10,000 B. Th. U. The calorific value of a fuel is usually 
determined by the Bomb Calorimeter. A small quantity of this fuel 
powdered and dried, is placed inside a strong steel bomb. The bomb 
is provided with gas-tight cover and is filled with:oxygen at a high 
pressure, The bomb is kept immersed in water contained in a calori- 
meter: the fuel is fired by heating a wire in contact with it by means 
of electric current, The heat produced by combustion passes into the 
water, the initial and final temperatures of which are noted. Water 
equivalents of the calorimeter and the bomb as also the mass of water 
‘taken being known, the amount of heat produced by the combustion 
‘can be'caleulated and the calorific value is found therefrom. 
Example ¢ : 


A ball of platinum, whose massis 80 gm., is kept far some time in a furnace and 
when it has acquired the temperature of the furance, it is immediately 
transferred to a vassel of water at 15°C, The temperature rises io 20°0. 
Jithe weight of water together with the water equivalent of the calorimeter be 
400 gms., what is tho temperature of the furnace? (Sp, ht. of platinum="0365). 

KA [Gau. U.—1958] 

Ans.. Let the temperature of the furnace be T^0 which is the initial temperature 
of the platinum ball. The final temperature of the ball being 20°G., the heat lost by 
itis (80 x 0365 x (T—20)} calories, 

Now heat gained by calorimeter and water={400 x (20— 15)} cal, 

= (400 X 5) cal. 
On equating and re-arranging, we easily find 


ma 400x5 
80x 0365 


~ “fhe required temperature ia, therefore, 705°0, 


+20=705 °O 


51. Latent Heat—When heat is continuously 
mass of.a solid, its temperature gradually rises until at 
perature it begins to melt. 
further heating ; but the tem 
mass of the solid has comple 


Supplied to a 
a certain tem- 
More and more of the solid melts on 
donde remeins constant till the whole 
b mpletely changed into the liquid state. Cor- 
versely, if a mass of a liquid is continuously cooled, its salieri tae 


gradually falls, until, at a certain tem, iqui i 

du ntil, perature the liquid begins to 

pain ‘i ape the process, more and more b^ the liquid 
es ; but the temperature remains f, i 

of the liquid gets solidified. PRONUM theim hole mass 


Similarly, if a mass of liquid be continuous i = 
ture at first gradually rises till at a certian Heer ! eee 
the super-incumbent pressure the liquid begins to boil and change 
into the vaporous state. More and more of the liquid is vaporised on 
further heating; but the temperature remains constant until the 
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whole mass of the liquid has evaporated. Conversely, if a mass of 
vapour is gradually cooled,its temperature falls untilat a certain tempe- 
ature the vapour begins to condense,” which remains constant until 
the whole mass of the vapour has passed into the liquid state. 


Hence when a piece of solid melts (or when a mass of liquid is 
being vaporised), the heat supplied does not manifest itself in produ- 
cing a rise in temperature but is solely utilised in bringing about the 
change of state. The heat absorbed during a change of state remains 
as if latent or hidden’ within the mass of the liquid (or the vapour) 
formed and reappears only during the reverse process. The heat thus 
ubilised-in bringing about’a change of state is called latent heat, as 
distinguished from ‘sensible heat which produces a rise in temperature. 


52. Latent Heat of Fusion— T7 latent heat of fusion of a solid 
is the quantity of heat required to change a unit mass of ihe substance 
at its ‘melting point from the solid to the liquid state without any change 
of temperature. ‘It is also equal to the quantity of heat given out by 
a unit mass of the substance at its freezing point in changing from the 
liquid to tha solid state without any change of temperature, 


“The latent heat of fusion ofice (or the latent heat of ice) is 
80 calories per gm.” This statement means that 80 calories of heat are 
required to change 1 gm, of ice at 0°O into water at 0*O, |, Conversely 
80 calories of heat. are given out when 1 gm. of water at 0?O in 
being changed into ice at 0?C. Similarly, by the statement that the’ 
latent heat of fusion of lead is 5'7 calories per gm. we mean that the 
amount of heat required to convert 1 gm. of lead at its melting point 
into the liquid state is 6 7 calories. ; 

In the pound-degree centigrade unit the latent heat of fusion of 
ice is also 80 heat units (pound degree). In the British Thermal Unit 
(pound degree Fahrenheit) the value becomes larger in the proportion 
9:5 and hence in B. Th. U. per pound the latent heat of fusion of 
ice ig-=80 X 9-5, 104.144. If the Jatent heat of fusion of the solid be 
L, the amount of heat absorbed by m gm. of the solid in passing from 
the solid to the liquid state is equal to mL heat units. 


53. Latent Heat of Vaporisation—The latent heat of vaporisation 
of a liquid is the quantity of heat required to change a unit mass of the 
liquid at its boiling point from the liguid to the vaporous state without 
any change of temperature. The same quantity of heat is also given 
out by a'uni& mass of the vapour in condensing to the liquid state at 
the boiling point without any change of temperature. 


It is experimentally found that the quantity of heat required to 
‘convert 1 gm. of water at {00°C into steam at the same temperature is 
587 /calories. The same quantity of heat is also given out by 1 gm. of 
sheam at 100°C in condensing into water at 100°C in other words, the 
latent heat of vaporisation of water (or the latent heat of steam) at 
100°C is 537 calories per gm. The value. of the latent heat of steam 
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in the pound degree Centigrade(O.H,U) unit is also 537 heat units. Its 
value in the B. Th.U. (pound-degree Fahrenheit) per lb. = ( EX 531 3 


i, e., 9666 B. Th. U. 


Thus when ice melts, it first absorbs the latent heat, and when 
steam condenses, it first gives out the latent heat, Hence 
ice-cream appears so much colder than iced water and more severe 
burns are caused by steam than by boiling water at the same 
temperature: 


54, Determination of Latent Heat of Fusion of ice—Take a 
clean, dry calorimeter and weigh it together with a stirrer of the 
same material A stirrer with a piece of wire gauge fitted to the loop 
should preferably be taken, Fill about two-thirds of the calorimeter 
with water end weigh again. The difference between the two weights 
gives the mass of water taken. With a sensitive thermometer vote 
the steady temperature of the water and the calorimeter. 

Inside a large vessel on a non-conducting support put the ealori- 
meter with the stirrer and the thermometer. Take some pieces 
of ice of suitable size. Dry them carefully with blotting paper and 
drop them one by one into the water in the calorimeter, care being 
taken to hold the pieces with blotting paper while dropping them into 
water. Keeping the pieces of ice under water with the wire-gauge 
stirrer, stir the water well all the time, Note down the lowest 
temperature reached. Then removing the thermometer, weigh the 


calorimeter again with its contents. The difference between the last 
two weights gives the mass of ice added. 


Let the mass of the calorimeter and the stirrer be 


ü S = Wie 
» Specific heat of the material of the calorimeter =s. 
» mass of water taken =m gm 
» initial temperature of water and calorimeter =C, 
s final temperature of the mixture zi 
+» mass of ice added =M gm 
» required latent heat of fusion of ice =L, 


Now in cooling from t to tı heat lost by th i i 
stirrer and the water) = Ws(t Tt tmt) oo ae ani 
A em ag to water at 0°O heat gained by M gm.ot ice en 0c 

. Also in rising to tC heat attained by th 
water formed =Mt, cal. Thus the totality at Ae i ki 
— M(L-F44) calories. vibe 


On the assumption t i , 
Eon a umption that no heat iscxehanged with any external 


heat lost — heat gained, 
we get (Ws-+m)t—tz)=M\L+#,), 
ax - MES(Wstm)t-1)-M154 
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This determines L. The value of L is found to be nearly 80 calories 
per gramme. 
Sources of Errors and Precautions : 

(1) Should some water happen to stick to a piece of ice, the mass of ice would 
really be less than the mass of this water,so that the quantity of heat required for 
fusion will be less. This makes the observed value of L too low. Hence just before 
being dropped into water, the pieces of ice should be carefully dried with 
blotting paper. 

(2) A water-gauge stirrer should be used, so that the pieces of ice added are 
always kept under water and not allowed to float ; otherwise the portion of ice above 
the surface of water will, while melting, consume heat not only from the water but 
also from the surrounding air. 

(3) By radiation some heat is gained by the calorimeter and its contents from 
outside, This will make the observed value of L too low. This is remedied by 
taking the initial mass of water a few degrees (say, 5°0) above the room temperature, 
and ice is added till to the same extent the final temperature of the mixture 
goes below the room temperature. This goes by the name of the method of 
compensation, 


4) The quantity of ice added must be small, as otherwise the lowering 


of temperature Of the calorimeter and its contents may be 60 much that 
there may be actual condensation of moisture on the outer walls of tke 
calorimeter. This considerably lowers the observed velue of the latent heat 


of ice. 
Examples 
1. Find what happens when 5 gm. of ice at 0°O is placed into 20 gm. of water 
at 45°C. 
Ans, In cooling to 0°C heat lost by 20 gm. of water at 45°C = (20x 45) cal $050 
— 900 cal. 
To melt 5 gm. of ice at 0°O to water at 0°C heat required =(5 x 80) cal. Pitt 
= 400 cal. 


This shows that all the iee melts.~ 
Lat the resulting temperature be ^O. 
Heat losj.by 20 gm. of water at 45°C to come /'O is=20% (45-2) calories. 
Heat gained by 5 gm. of ice in melting to water at 0°O is=400 calories. 
Heat gained by 5 gm. ot water (melted ice) to rise to °C is=5t calories. 
Hence we have 400-+5t=20x (45— t), whence t=20. 
.. there will remain 25 gm. of water at ate i sii D RA 
"i i e m, of ice at— an e 
PRR ta a T pei stand sO. If the latent heat of fusion of ice 
is 80, find its specifie heat. 
Ans. Let the required specific heat of ice be=s. 
So as to cool from 40°O to 10°C heat Jost by 50 gm. of water = (50 x 10) cal. 
Heat gained by 15 Em« of the ice at—20°C to reach 0°O is=(15 x 20) x cal. 
, to melt to water at 0°O is= (15 x 80) cal. 


Also e 4 
Further, to come to 1070 heat gained by 15 gm. of water=(15 x 10) cal. 
Hence we have 15x 20x s--15X 80--15x 10—50x 30, 
or 3005 —150, whence s=0'5. which is the required specific heat. 
nt of heat necessary to convert 1 gm. of ice at—10°O into 
ee oie. i [od ot jee =0'5 ; latent heat of water=80 cal./gm. and latent 
heat of steam—536 cal./gm-) [Anna. U.—1950] 


Pt, I/H—6 
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Ans. Heatinecessary for raising 1 gm. of ice from — 10°C to 0°C is — (1x '5 x 10) cal, 
E , . Water from 0°C to 100°C is=(1x 100) cal. 
a ” converting 1 gm. of ice into water at 0°C is=(1 X80) cal. 

and i4 = „ water at 1(0°C to steam — (1x 536) cal. 

«| total amount of heat=(5+-80+100+536) cal. —721 cal. 

4. Inan experiment to determine the latent heat of fusion of icea carefully 
insulated calorimeter of water equivalent 20°1 gm. containing 900 gm. of water at 
19°50 is taken Into this is dropped a lump of pure ice not previously dried. The 


mass of the calorimeter with its contents is found to have increased by 17'9 gm. and 
the resuliant temperature comes to 14°70. The correct value for latent heat 
of fusion of ice is-SO calories per gramme. What mass of water was sticking 


to tha ice? 
Ans. Tet the mass of the water adhering be=m gm. 
s, masa of ire added —(17 9— m) em. 
"Heat lost by the calorimeter and water 
={20 1x (19°5— 14 7) +800 x (19 5— 14.7)) cal, — (82071 x 4'8) cals 
‘Hent taken up by the ice to melt ={17 9 — m) x 80} cal. 
Also 3 3 , Water to rise to 14^ TO is —- (1719 X 147) cal. 
Henco wo derive (17°9—m) X 80-- 17 9x14 7 8201 X 4'8, whence m=1'98. 
Thus the mass required is 1°98 gma. 

55. lee Calorimeters—For determining the specific heat of a 
substance the fact that a certain quantity of ice in melting always 
absorbs a detinite quantity of heat has been utilised in the application 
of ice calorimeters. 

Black’s lee Calorimeter—It consists merely of a large block of 
pure ics which with a hole, about an inch in diameter and an inch 
deep, is scooped ont into it (Fig. 39). The mouth of the hole is 
covered by a slab of ice, which serves as a lid over the cavity. A 
portion of the solid, of which the specific heat is to be determined. is 
taken and weighed. In a steam heater it is then 
heated to a definite temperature. With-blotting 
paper or sponge the inside of the cavity is tho- 
roughly dried. The heated solid is then dropped 
into the cavity and the lid is replaced quickly. 
By conducting heat, which melts a certain quan- 
tity of ice, the body within the cavity reaches 
the temperature of 0'C. After a few minutes the 
water in the cavity as well as on the surface of 
n body is collected by means of a small pipette Fig. 39 
and a piece of sponge or blotting paper previ T 
to 0°0). The mass of water jouet. is T i (LS MERETUR 

Let the mass of the solid be esl 


» 


4, initial temperature of the solid i M Ed 
„ mass of the melted ice porca 
and ^ . specific heat of the material of the solid ij : 
Now heat lost by M gm of the solid i Pe s cd 
and heat gained by m gm. of ice in elg: md "schade 


As no heat from outside ean reach the solid, we must have 


Mst=mL. whence M. 


ART. 55 > OALORIMETRY 83 


The method is not accurate, since (a) the water formed by the 
melting of ice cannot be completely removed and (b) some ice may 
melt by absorbing heat from the atmosphere during the period inter- 
vening the drop of &he solid inside and the closure of the lid. 


The advantages of the method are (1) that itis a ready method, 
that (2) there is no loss of heat by radiation and that (3) no delicate 
temperature is necessary for noting the final temperature. 

Bunsen’s Ice Calorimeter—The action of the instrument 
depends on the fact that on melting, a given mass of ice diminishes in 
volume to a definite extent, so that by accurately measuring the 
change in volume the weight of ice melted (and hence the quantity of 
heat required to melt) ean be found. 

Bunsen's ice calorimeter consists of a large thin-walled test tube A 
(Fig.40) fused into a large glass vessel B, which at the bottom extends 
into a narrow tube CD, bent twice at right 
angles, as shown in the figure. At the other 
end of OD there isa collar D closed by a 
cork, through which passes a bent piece 
of capillary tubing T of uniform bore. 
To the horizontal par& of the tube T a 
finely graduated scale 8 is attached, so that 
the volume between any two divisions is 
accurately known. The lower part of B, the 
tube OD and a part of the capillary tube T 
are filled with pure dry mercury, while the 
upper part of B is filled with pure distilled 
water, which has been boiled so as to rid it 
of dissolved air. 

Fig. 40 Before being used, the instrument is 
kept surrounded as completely as possible with pure melting ice and a 
stream of aleohol or ether, previously cooled by a freezing mixture, 
is passed through A, till owing to the intense local cooling, a thin 
coating of ice is formed round the lower part of A. This gradually 
increases as the cooling is continued, while the mercury meniscus 
in the capillary tube is found to move forward. The freezing 
mixture is then removed from Aand a quantity of water already 
cooled at 0°C is placed in it. After a sufficient interval the whole of 
the instrument with the contents comes to 0°C and the mercury 
meniscus assumes a steady position as read off from the scale. 


To determine the specific heat of a metal a small lump of it is taken 
and weighed. The lump is then heated to a constant high temperature 
and quickly dropped into the water in A which is at once corked. 
The heat given out by the solid is communicated by the water to the 
ice Surrounding A and melts some of the ice. This continues until 
everything again is at 0°C. Ifthe ice melts, a contraction in the 
wolume takes place, which causes the mercury meniscus to moye 
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inwards. When it has been steady, its position is read again. The 
cross-section of the capillary tube having been previously known, the 
eontraction in volume is easily found, whence the quantity of ice 
melted (and so the quantity of heat supplied) ean be calculated. 


Let the mass of the solid be =M gm., 
„ specific heat of the material of the solid =s, 
„ initial high temperature of the solid =1°C 
and ,, contraction in volume of the ice = C.C, 
Now contraction of 1 gm. of ice at 0°C on melting *»0 091 c.c. 
mass of ice melted in the present case » 5/0091 gm. 
Heat absorbed in the melting of ice =vL/0 091 cal. 


where L is the latent heat of fusion of ice. 
Also heat lost by the solid in cooling from tO to 0*O is— Msi cali 
As this heat is wholly utilised in melting the ice, we get 
vL vL " 
Mst= or or 3—- 091 X Mt =10 99x He., 
This gives the required specific heat s. 
As vis very small, the cross-section should be accurately known. 


and the contraction carefully noted. Sometimes the scale is previously 
calibrated directly in calories, 


Advantages of Bunsen's Ice calorimeter $ 
; (i) It is very sensitive and accurate. (jj) Itcan be used to deber" 
mine the specific heat of solids available in very small quantities. 
(i) There is no loss of heat due to radiation. (iv) The water 
equivalent of the calorimeter is not to be taken into account. (v) No 
necessity for a thermometer along with the calorimeter arises. 
Examples : 

1, Asphericaliron ballis placed on a large block of dry ice at 0°O, into which 
it sinks until half submerged. What war the Sareh m Mou $^ (Density 
of iron=7'7 gm. per cc. and that of ice=0'92 gm. per c.c., specific heatof iron— 
0'12 and latent heat of fusion of ice=80 cal./gm.) : s 

Ans. Evidently the loss of heat by radiation is notto be counted. Let the 


volume of the iron ball be V c.c. and its initial FA 
a volume of ice equal to half its volume and falis iat o ou ara nn 


Now the mass o the ball— (77 X V) gm, and the mass of ice melted. 
—0:92x Tam. 
heat lost by the ball - (7*7 x V X0°12 x t) cal. 
And heat gained by {he ico=( 092 V xt0eat 
: oe have 7'7 X VX 0'12x £—0:92 xv X80, whence the desired temperature 
2, Ifa gram of ice at0°C contracts by '091 c.c, in melting, calculate the 
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specific heat of the substance when 40 gms. at 60°C dropped into an ice calorimeter 
cause a change in volume of ‘273 c.c. (Given latent heat of fusion of ice— 


80 cals./gm). 


273 


Ans, The mass of melted ice= 5 gm.=3 gm. 


91 

Heat gained by 3 gm. of ice in melting =(3 x 80) cal. 

Again, heat lost by 40 gms. of the substance at 60°C, when dropped into the ice 
ealorimetar=(40 x69 x s), where s stands for the specific heat. 

No heat being lost or gained, we get 

40x 60Xs=8 X80, where s—0'1, 

Thus the specific heat is 0'1. 

3. A mass of 0'96 gm. of substance heated to 10070 is droppsd into a Bunsen’s 
calorimeter. The thread of mercury recedes through a distance of 8'3 mm. in the 
capillary tube of 1 sq. mm. section. Calculate the specific heat of the substance, 
given that 1 gm. of water on freezing expands by 0'0905 c.o. and evolves 80 
calories, (Nag. U.—1959] 

Ans. Efected by the movement of mercury thread by 8'3 mm, through a 
capillary tube of cross-section 1 sq. mm. the volume contraction — (8:8 X1)cu. mm.— 
8'3 cu, mm, ='0083 c.c. 

This volume contraction is due to some ice melting into water ut 0°. 

Now contraction is *0908 c.c., when the mass of ice melting into water at 


0°O is 1 gm. 


^. The contraction is 1 c.c. when the mass of ice melting isa em 
si *0083 
z " » 0083 c.C., » ” » » »lSiggog EU 
Again, in melting to water, 1 gm. of ice absorbs 80 calories. 
* *0083 80x88 
i ” Qoop 9o ” 905 " 


This amount of heat is given out by 0'96 gm. of the substance in cooling 


through 100°C. 
If s be its specific heat, then 


80x88 = 80x83 _, : 
0'96x100xs e acne s= 305 x96 075. 


56. Determination of Latent heat of Vaporisation of Water 
(Latent heat of Steam)—Take a clean, dry calorimeter and weigh it 
together with a stirrer made of the 
same meterial Fill the calorimeter 
about two-thirds with water and 
weigh again. The difference between 
the two weights gives the mass of 
water taken. With a sensitive ther- 
mometer note the steady tempera- 
ture of the water and the calorimeter. 

Boil some water in & vessel B 
(Fig. 41) with its mouth closed by & 
cork, through which a bent glass tube 
passes. The open end of the bent 
tube is connected toa water-trap or Fig. 41 
the so-called steam-trap S. This is 
a contrivance whereby the steam is freeed form any water accom- 
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panying it. It consists of a wide glass tube fitted with steam-tight 
corks, through each of which there passes a glass tube reaching nearly 
up to the opposite cork. The upper tube is connected to the delivery 
tube from the flask, Steam enters into the trap by the upper tube 
and the water formed by the condensation of any steam is deposited 
at the bottom of the wide tube, while the steam goes up and comes 
out by the exit tube a which is practically free from water. 


With its contents and a thermometer T, put the calorimeter C, on 
non-conducting supports inside a large vessel. Bring it under the 
steam-trap, quickly put the nozzle of the exit tube well within the 
water and pass steam for some time, the water being kept stirred all 
the while. Place a screen P between the calorimeter and the boiler, 
Take away the nozzle quickly and note the highest temperature 
attained by water. Allow the calorimeter to cool to the room 
temperature and remove the thermometer, it being ensured that no 
water clings to it. Weigh the calorimeter with contents. The 


difference between the last two weights gives the weight of steam 
condensed. 


Let the mass of the calorimeter and stirrer be =W gm, 
Specific heat of material of the calorimeter =3, 
» mass of water taken =m gm, 
» initial temperature of water and calorimeter =1°0, 
» final temperature of the mixture -490 
» temperature of the steam =100°0, 
» mass of steam condensed =M gm, 
and, required latent heat of steam =L. 


Now in condensing to water at 100°C heat lost by steam — ML cal. 
and in cooling from 100°C to t,9 C heat lost by water— M(100 — 4. ), cal. 


Also in risi e k i i i 
Mir and were dede niece ne einer ib 
No heat being assumed to be exchanged with any outside body. 

heat lost=heat gained 
its ML M00 1,) -(Ws--m)(t, — t). 
or ML=(Ws-+m)(¢, —0)- M(100—1,), 


L Ws+ 
L= ar (ht) (100-4), 


This determines L, o a 
One ti be E steam at 100°C the value of L is found 


Sources of Errors and Precautions : 


D TA 
s Da tony water accompanies steam, the observ 


entation of steam the delivery tube sho 


y ed value of Iı wonld be too low. 
along with tho use of a steam.-trap, 


uld be covered with cotton woo} 
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room temperature and steam should be passed till the temperature of the water rises 
as much above the room temperature as it was below. è 
(3) The temperature of the steam may not be 10070 and so it should be deter- 


mined in each case. 
(4) To prevent the calorimeter from gaining any heat directly from the burner 


or the boiler by radiation, a screen isto be placed in between. 
(5) The issue of steam should not be rapid ; otherwise some water may be lost 


by splashing, which will make the observed value too low. 

(6) The temperature of the calorimeter and its contents should not be allowed 
to rise more than 30°C above the room temperature, for in that case much vapour 
would be given off, causing considerable loss of heat. 

57. Jolys Steam Calorimeter— Joly in 1886 devised & very 
accurate method of determining the specific heat of a substance by the 

Se ae use of condensation 

A fS z of steam on it. ‘The 
j appartus consists 
of a metal enclosure © 
S called the steam 
chamber, in which 
steam is supplied by 
a boiler B (Fig. 42) 
The steam chamber 
is enclosed within a 
box D,on the top of 
which is placed & 
sensitive balance. 
From one arm of 
the balance is sus- 
Fig. 42—Stexm Calorimeter peng hib ihn 
down through a hole into the steam chamber. At its other end the 
wire carries a scale pan A. 

The body, O whose specific heat is to be found, is placed on the pan 
within the steem chamber when steam is not passed through it. By 
placing standard weights on the other pan, the body is counterpoised. 
This gives the mass of the body in air at the room temperature tC. 
Let the mass be m, gm. Then steam is passed from the boiler into 
the chamber and when a steady high temperature of the chamber is 
recorded by the thermometer, ‘weights’ are placed on the other pan 
so as again to counterpoise the body. and the condensed steam, If 
this be Mı gm., this gives the total mass of the body, the steam 
condensed on the body and the pan end the suspension wire. Then 
the body is taken out and again steam is passed over the empty pan. 
The mass of steam condensed on the pan and its accessories i8 found 
by the method of weighing. Call it M, gm. Then the mass of steam 
condensed on the body Is (M,—M,) gm. Let the temperature of 


steam be T^C. 
Tf the specific heat of the body be s, the heat absorbed by the 
body, when its temperature is raised from 19 C, to T C, is ms (T-t). 
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| Thi i i i body is 
out by steam in condensation over the 
a An arat L represents the latent heat of steam at T°C. 


No heat being lost or gained. 


—(M,—Ma)L 
ms(T—t)=(M;—-M.) L, whence s Xm € 
i left pan 
In order that the steam might not condense on the upper i 
of the balance, an electric heater coil H is placed in front of the slit of 
the chamber D. 


.. (571) 


Examples = 


taining 
1, Steam at 10070 is passed into a calorimeter of mass 55 gm. con 

150 gm. of mixture of ice and water, until all ice melts. The final mass of x 
calorimeter and its contents is 217°5 gm. If the latent heat of fusion of s n 
S0cal/gm., find how much ice was present in the mixture. (Latent mer 
steam —540 cal./gm.) [Del. H. 8.— 


Ans. Let the mass of ice originally present in the mixture be m gm. Then 
the mass of water in the mixture — (150— m) gm, 


The mass of steam condensed into the míxture—(217'5—(1504-55)) gm.= 
12'5 gm. 


m gm, of ice in the mixture at O°C to be converted to water at the same 
temperature, 


Now heat lost by steam in condensing to water at 100°C is=(12'5x 540) cal. 
and heat lost by 12°5 Em. of water at 100°C to come to 0° is =(12°5 x 100) cal, 
-, total quantity of heat lost =(12'5 x 540+12'5 x 100) cal.= 8000 cal. 
Again heat gained by m gm. of ice in melting (m x 80) cal. 
Thus from the principle that heat gained equals heat lost we get 
m x 80=8000, whence the required mass m= 100 gm. 


2, A glass beaker of negligible thermal capacity contains 1 Ib. of water and some 
ice. When 1 oz. of steam at 100°C has been supplied to the vessel and the contents 


Ans. Let the mass of ice be z gm, Since 1 1b—453'6 gm. and 1 oz. —28:35 gm., 
heat lost by 98:35 gm. of steam in condensing at 100°0 is—(28:35x537) cals. 


and heat lost by condensed Steam to cool down toa temperature 3"0 is={28'35 x 
(100 -8)} cals, = (28:35 X97) cals, 
Now in melting at 0°C heat gained by ice = (2x 79) cals, 
and in rising to 8°C heat gained by melted ice (z x 3) cals, 
Equating the heat lost to the heat gained, we get 
453°6 x 92x 82— 98°35 x 587-4.98:35 x97, 
whence 2—209:7 
The original mass of ice is thus 202-7 gm. 


9. Steam at 100°C is Passed into a zinc 


vessel of mags 500 gm. containing 
1 kgm, of ice and 1 kgm. of water at 0°C, 


The temperature of the mixture rises 
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to 80°C, Ifthe mass of the calorimeter with its contents is found to increase by 
232 gm., find the latent heat of steam. (Specific heat of zinc— 092 ; latent heat of 
water —80). 
Ans. Let the required latent heat be L cal./gm. 
Heat lost by steam in cooling to water at 100°C is=232 L cal. 
” „ condensed steam in cooling to 80°C is —(232 x 70) ,, 
Heat gained by the ice in melting =(1000 x 80) ,, 
” » by this water and the water in the calorimeter in rising from 
0°C to 30°C is =(2000 x 30) cal. 
» " by the vessel in rising from 0^0 to 30°C is=(500x°092%80) cal. 
Hence by the proved principle, 982L +232 x 70 — 80.000 + 60,000 + 1380. 
or 92321125140, whence the required latent heat L is 539 cals./gm. 


EXEROISES ON OHAPTERV * 


Reference 
Arts. 1. What is the unit quantity of heat? Define thermal 
40, 42 & 45 capacity ofa body, How would you find the thermal capacity 
of a body in practice ? (C. U.—1962) 
Arts. 9, What is meant by unit quantity of heat? Define B. 
40, 42 & 45 Th. U.’ and ‘calories’ and indicate the numerical relation 
between thom. Explain the term ‘water equivalent’ of a 
calorimeter and describe how it is determined. 
(Gau. U.—1962 ; Cf. Poo. U.—1961) 
Arts, 3. Explain the terms ‘specific heat’, ‘thermal-capacity’ 
41 & 42 and ‘water equivalent’ of a body, and state the units used in 
expressing them. 
(V. U.—1952 : Del. H. 8.—1962 ; O. U.—1953 ; Utkal U.—1969) 
Art. 41 4. A copper calorimeter weighs 180 gm. and the specific 
heat of the material is ‘09. Find the quantity of heat required 
to raise its temperature from 25°C to 65°0. 
Ans, 648 cal. 
Art, 44 5. How would you find the thermal capacity of a given 
calorimeter by experiment ? (Mad. U.—1967) 
Art, 45 6. Describe an experiment to determine the specific heat 
of a solid. Mention the sources of errors and how they are 
avoided. (Utkal U.—1953 , Mad. U.—1967) 
Arts, 7. Define specific heat. Describe an experiment to deter- 
41 & 44 mine the water equivalent of a copper calorimeter and the 
specific heat of copper. Cf. V. U.—1954; ©. U.—1963) 
Art, 44 8. A calorimeter contains 129'4 gm. of water at 12°90, 
To this is added 65°7 gm. of water at 38°6C, and after stirring 
the temperature of the mixture is found to be 21°C, Find the 
water equivalent of the calorimeter. 
Ans, 2gm. 
Art, 44 9. Supposing you were given a thermometer reading only 


from 50°C to 100°O and some water, of which the temperature 

was below 20°C, describe an experiment to determine roughly 

the temperature of water, without using any other thermometer. 
(C. U.—1958) 
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HINTS:—By the given thermometer and up toa known 
higher temperature T°C heat a sufficient quantity of water in 
a vessel and pour a quantity of this water in to the calorimeter 
containing the cold water, so that after stirring the mixture the 
temperature is above 50°C, the exact value being known from 
the thermometer. Thus knowing the water equivalent of the 
calorimeter and masses of hotand cold water, the initial tem- 
Perature of cold water may be found. This temperature ig 
Approximate, because some heat escapes from the mixture 
during the process of heat excbange. 


10. Ninty-six: gms. of lead shots (sp. hí- 008) at 99°C ara 
poured into 148 gms, of a liquid at 99"0 contained in a lead 
vessel weighing 800 gms. If the final temperature of mixture is 
33'0,find the specific heat of the liquid. (Mad. U.—1957) 

Ans, 0:98. 


11. A copper calorimeter of weight 10 gm. contains 12 gm. 
of water at 98°10. To this is added a copper coin at 15°C and 
the temperaturo of the calorimeter and its contents decreases 
to 2"80. Find tho mass of the coin. (Sp. ht. of copper="093), 

Ans, 9'5 gm. 

12, Describe an experiment to determine the specific heat 


of a solid which is soluble in water, explaining carefully bow 
you would caleulate your result, (Gau. U.—1963) 


18, A piece of marble weighing 25 gm. is heated to 100°C 
and ia immediately dropped into 61 gm. of water contained ina 
copper calorimeter weighing 100 Em. with tbe stirrer kept 
at 25°C. What will bo the final temperature of water and the 
calorimeter after the mixture has been thoroughly stirred, 
assuming that no heat has boen lost? Given the sp. hte, of 
marble and copper to be 0'20 and 0:09 respectively, Specific 
heat of water may be taken to ba unity, 


Ans. 80°0, 


l4. The temperature of three different liquids A, B and O 
are 140, 94°C and 32*0 respectively, On EXE Een masses 
of Aand B the temperature of the mixture is 20'0 and on 
mixing oqual masses of B and Q the temperature of the mix- 
ture is 31*0. Supposing equal masses of A and O were mixed 
what would bo the temperature of the mixture ? 


(Pat. U.— 
Ans, 29°60 (nearly), (Pat. U.—1965) 


15. A calorimeter, whose water equivalent is 5'0 gra; 
is filled With 26'0 grams of water, Ir pria 4 minit ume 
from 25°C to17'0. When the Same calorimeter is filled with 
80'0 grammes of liquid, It takes 180 seconds to cool through the 
same range. Calculate the Specific heat of the liquid. 


(Raj. U.—1963) 


Ans. 0°58, 


16. Describe how the specific heat of a li uid is measured 
by the method of cooling. State the principle. of the Sd 
and write down the formula used for caleulating the result, 
(Raj. U.—1953 ; Del.U.—1962 ; R.P.B.—1990 ; Mad.U.—1969) 

17. Define the term, specific heat, Explain why specific 


heat of a gas depends on the conditions nder whi 
quantity is measured, XU. P. Eon) 


OHAP, Y 


Reference: 


Art. 46 


Art, 45 


Arts, 
45 & 46: 


Art, 45 


Art, 46. 


Art, 47 


Arts. 
41.& 43 


Reference 


Art, 48 


Art, 48 


Art, 48 


Arts. 
51 & 53 


Art, 50 


Art, 50 


Art, 62 


Arts, 
41 & 52 


Arta. 
41, 52 & 53 


Art, 54 


Art, 54 


Art, 54 
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18. Explain why a gas bas two specific heats. Describe 
how the specific heat of a gas at constant pressure bas been 
measured, (Neg. U.—1965 ; Del. H. B.—1971 ; R. P. B.—1964) 


19. Why is the specific heatofa gas at constant pressure 
greater than that at constant volume ? (Raj. U.—1974) 


20, Describe Roegnault’s method of dotermining the 
specific heat of a gas at constant pressure, bringing ont (a) how 
the constancy of pressure is maintained and (b) -how the mass 
of the gas passed is determined. (Raj. U.—1974) 


91. A quantity of water is heated in a vessel with a 
thermometer dipping in it. The temperature of water rises a8 
heat is applied to it, until it reaches 100°C when water begins 
to boll, After this temperature of water remains constant, 
even though heat is continuously applied to it, SII the whole 
amount of water is evaporated, Explain this. (V. U.—1954): 


92, A lump of platinum weighing 100 gm. is heated in a 
flame until its temperature has reached that of the flame, It is 
then removed and dropped quickly into a calorimeter which 
has a water equivalent of 5 gm and contains 495 gm, of water. 
Tf the temperature of the water rises from 29°0 to 30°O, find the- 
temperature of the flame, (Sp. ht. of platinum 0'86) 


Ans. 114170 (approximately). 


99. How will you proceed to measure the temperature of 

a furnace by a calorimetric method? Develop the working 
formula and discuss the sources of error in the method. 

(Utkal U.—1971) 

94, Whatis mean by the statement that ‘the latent heat? 

of fusion of ice is 80 ? (0. U.—1960) 


95, Define ‘specific heat’ and "latent, heat of fusion of a 
solid. How many units of heat are required to melt 100 gm, of 
tin originally at 20°0? (Melting point of tin=282°C : latent 
heat of fusion of tin=14 cal,/gm. ; 8p. ht. of tin=0°5.) 

Do the values of these constants depend on the kind of 
thermometer used, Fahrenheit or Centigrade ? 0. U.— 1954) 


Ans. 2460 cal, Yes, they do. 


96. Explain the meaning of the following statements Seay 
(a) The latent heat of fusion of sulphur, which melts at 119"0; 


9 cals. pe! .(b) The sp. bt. of sulphur is 0'17 cal. per 
dala uris pem y (Gau. U.—1965) 


gm./°0. 

2f. How would you determine the latent heat of fusion of 
i tioning the precautions needed 7 
inen 50 ; Mad: U.—1958; And. 


/U.—1956; Mad. 1U.—1959, "70: Pat. 
dn t U.—1951) 


98. What would be ihe final temperature ofthe mixture 
when 5 grammes of ice at—10°O are mixed up with 20 grammes 
of water 20°C? The spacific heat of ice is 0:5. 

Ans. T°C. 


99. Find the rise in temperature when 35 gm. of liquid 
*gulphur at its melting point is poured into a copper calori— 


92 INTERMEDIATE PHYSICS OHAP. V 
Reference 


4°0, 
meter weighing 48 gm. containing 100 Em. of water at 1 
(Sp. ht. of coppar=011 cal. per. gm, per °O ; sp. ht. of sulphur 
7017; L. H. of sulphur=9 cals,/gm, and melting point of 
sulphur — 1370) (Gau. U.—1955) 
Ans. 22° 90, Es 
30. A copper calorimeter of mass 100 gm. and specific heat Art, 
01 contains 200 gm. ofa liquid of sp. ht, 04 at temperature 
of80'0. Sixteen grammes of pure ice at 0°C are dropped into 
the liquid, Find the resulting temperature, (Latent heat of 
‘fusion of ice=80 cals./gm.) (Mad. U.—1966) 
Ans. 16° 030, 


91. Describe and indicate the use of en tee NE Art, 55 
meter, . U.— 
82. A piace of iron weighing 15 gm. is dropped ata tempe- Art, 55 
“ature of 113°6°O into a cavity in a block of ice, of which it 
melts 2'5 gm. If the latent heat of ice is 80 calories per gram, 
ind the specific heat of iron, (C. U.—1958) 
Ans. 11. i. BB 
83. Describe Bunson’s ica calorimeter and its working, Art. 
‘How will you use it to find the density of ice ? Show the caleu- 
ation clearly, (P. U.—1962 ; R. P. B.—1953, '68) 
34. The density of ice at 0*O is ‘916 and that of water is Art, 55 
1 gm. per c.c, Weighing 600 gm., a piece of motal is raised to 
A tomperature of 80°C, Placed in a mixture ofice and water, 
it melts some of the former. The yolume of mixture is found 
‘to decrease by 8'4 c.c. How much of ice is melted and what Is 
the specific heat of the metal ? 
Ans. 91 6 gm. ; 158, ? 
35, Twenty-five gms. of wax are heated to 60°O and poured Art. 55 
‘into 100 gms. of water at 5'0 in a calorimeter of water equi- 
valent of 10 gms, Find the final temperature of the mixture, 
Melting point of Wax =45°O ; sp. ht. of solid wax=0'3 ; sp. ht. 
of liquid wax—04 ; latent heat of fusion of wax=40 cal./gm.] 
(Utkal U.—1958) 
Ans. 17*84C, 


96. Describe Bunsen's Ice Calorimeter and explain how it Art. 55 
ds used to determine Specific heat of a Substance, 
(Raj. U.—1959 ; Nar. U.—1952, '55 HUP, B.—1955 ; 
E. P. U.—1951, '52 ; Del. H. 8.—1959 TES U.—1958) 
97. One gram of metal of sp. ht. ‘O88 at 100°O is dropped Art. 55 
änto a Bunsen's ice calorimeter, in which the mass of mercury 


meter is 0'26 gm, Tha thread of mercury moves through 59:5 
Aum. If the latent heat of fusion of ice be 80 calories/gm. and 
the relative density of mercury be 13:6, calculate the density 


-of ice, U. P, B.—1953 ; Nag. U.— 
| Ans. *909. : S me 
98. Twenty grams of Water ab 15°C arg putin the tube of a Arts. 55 


dos calorimeter and itis observed that the mercury thread 
ee ee 29 em. e grams of a metal at 100°C are 
„saen placed in water and the mercury thread moves 
"Bom. Find the Specific heat of the Bil = ida 
t Ans. O'I 

99. Steam at 100°C ig passed into a calorimeter of mags Arts. 
$5 gms. containing 150 gms. ofa mixtare of ice and water | 54 & 56 


Reference 


Arts, 
55 & 56 


Arts, 
54 & 56 


Art, 56 


Arts. 
54 & 56 


Art, 55 


Art, 56 


Art. 57 
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untilallthe ice is just melted, The mass of the calorimeter 
and itscontents is then found to be 917 gms. How much ofice- 
was originally present in the mixture? (Latent heatof fusion 
of ice=80 cal./gm. ; laten theat of steam —540 cal./gm.] 


Ans. 81gm. (Utkal. U.—1957) 


40. Define latent heat of vaporisation and describe an experi— 
ment to measure the latent heaí of steam. 

(Utk. U.—1963 ; And U.—1962 ; V. U.-—1955 ; 
Del, H. B.—1960 ; Pat. U.—1961, '63) 

Al. Into a calorimeter containing 175 gm. of water and 
some ice, steam of mass 10 gm. and temperature 100°C is passed. 
The temperature of the contents rises to 10°C. If the water 
equivalent of the calorimeter is Lgm., calculate the mass of ice 
initially present. Given latent heat of water=80  cal/gm.; 
latent heat of steam =540 cal./gm. (And, U.—1965) 

Ans. 50 gm. 

49. Alcohol boils at 78°C, its latent heat of evaporation is 
202 calories per gram and its mean specific heat when liquid ig 
0'65. Calculate the least quantity of water at 10°O needed to: 


condense 100 gm. of alcohol vapour at 78°C into liquid at 15'0. 
(Utkal. U.—1964) 


Ans, 4859 gm. 

49. A copper calorimeter weighing 100 gm. contains a 
mixture of 10 gm. of ice and 100 gm. of water at 0*C. Steam at 
100°C is passed into the mixture, until the final temperature of 
the calorimeter and its content is 10°C. Determine the mass of 
steam which has passed into the calorimeter, given that the 
latent heat of steam=540 cal/gm., latent heat of ice=80 cal. 
gm. and sp. ht. of copper=0'1, 

Ans. 917 gm. 

44. The diameter of a capillary tube of a Bunsen’s ice 
calorimeter is 1'4 mm. When a piece of metal weighing. 
109 gm, at 100°O is dropped into the calorimeter, the mercury 
thread moves by 10 gm. Calculate the specific beat of the 
metal. The latent heat of ice is 80 cal,/gm,,and the density 
of ico is 0'9 gm./c.c. (Del. H. 8.—1962) 

45. A copper vessel of water equivalent 60 gm. contains 

600 gm. of water at 30°C. A Bunsen burner, adjusted to supply 

100 calories per second, is used to heat the vessel. Neglecting 

all heat losses, calculate (a) the time required to raise the water to 

the boiling point and (b) the time required to boil 50 gm. of water, 

(Latent heat of steam —540 calories per gm.] (C.U.—1952). 
Ans. (a) 7 min. 42 sec. ; (b) 12 min, 12 seo, (from start). 


46. Describe Joly's Bteam Calorimeter and explain how it 
may be used to determine the specific heat of a gas at constant 


volume. 
(Nag, U.—1960 ; U. P. B.—1902 ; R. P. B.—1965, '69) 


— 


CHAPTER VI 
CHANGE OF STATE 


58. Fusion and Solidification—Fusion (or melting) is the change 
of a solid substance from the solid state to the liquid state. Solidifiea- 
ion (or freezing) is the change of a liquid substance from the liquid 
state to the solid state. Ifa solid body be heated continuously, its 
temperature gradually rises until at a certain temperature it beigns to 
melt. Ifonce the process of melting has started, the temperature 
undergoes no change, till the whole of the substance is converted into 
the liquid state. This temperature, which yaries from one solid to 
another, is called the melting point of the substance. If heating is 
continued even after the whole of the solid has melted, the tempera- 
ture of the liquefied mass rises in the usual way. 


Take a mass of melting ice in a snitable vessel and fnsert a thermo“ 
meter in it; the temperature of the ice is found tobe O?C, To the 
ice apply heat by placing this vessel in another bigger vessel contain- 
ing hot water; ice beings to melt. Stir well. The thermometer, 
ho sever, does nob show any change of temperature until the whole. of 
the ice is melted. If a quantity of paraffin waxis Heated in a similar 

_ way, it is found that the paraffin begins to mel& at nearly 55°C and 
that the temperature remains practically constant at this point until 
the entire mass is melted. 


On the other hand, if & mass of liquid is continuosly cooled, the 
temperature gradually falls until at a certain temperature the liquid 
begins to solidify. Throughout the process of solidification the 
temperature, which is different for different liquids, remains constant 
and is called the freezing point or the solidification temperature 
of the liquid. Ifthe cooling is continued even after the whole of 


liquid is solidified, the temperature of the resulting solid decreases 
in the usual way. 


Super-cooling—Oooled slowly and undisturbed many liquide 
may be cooled below their solidifying point without solidification taking 
place, e.g, freed from dissolved air, pure water has without being 
frozen been cooled to—20°C by Despretz. This phenomenon known 
as super-cooling, surfusion or superfusion andthe liquid in this 
condition is said to be super-cooled. This condition is unstable, 
for if the liquid is slightly shaken or if a piece of a substance in a 
solid form is dropped into the liquid, solidifiestion ensues at once and 
the Vei ENE i to the true solidification point. For 
super-cooling, the liquid taken must be pure - 
ded or dissolved foreign substances. ee om suy ee 


$ Sublimation—There are certain solids which under ordinary 
circumstances pass directly into the vaporous state without passing 
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through the intermediate liquid state and vice versa. Such a process is 
known as sublimation. Iodine crystals, camphor, sulphur, arsenic, 
benzoic acid, naphthalene are examples of these. Ice and snow also 
sublime slowly, even when below the freezing point. 


69, Determination of Melting point—The melting point of a 
solid can be determined by either of the following methods. 


(a) Capillary Tube Method—A small quantity of the subs- | 
tance in the liquid state is sucked into & thin-walled capillary tube. 
The lower end of the tube i$ then sealed. The tube O (Hig, 44) is 
fastened to the thermometer T, the sealed end being close to the bulb. 
in a'glass vessel, the open end of the capillary tube being kept above 
y the liquid. The bath is slowly heated and kept well- 

stirred. After some time a temperature is attained 
_ when the solid in the capillary tube just begins to 
liquefy ; the temperature of the bath is noted. The 
flame is then removed and the bath is kept well- 
stirred and allowed to cool. Just when the subs- 
tance in the tube begins to solidify, the tempera- 
ture is agsin noted. Although from a theoretical 
standpoint these two readings are identical, due to 
uncertainties of practical observation the two read- 
ings should not differ by more than one degree and 
their mean is taken asthe melting point of the solid. 
This method is specially suitable when a very 
small quantity of the solid, which bas not a high 
melting point, is available. (Vide J. Chatterjee's 
Intermediate Practical Physics.) 
(b) Cooling Curve Method—A lump of solid 
is taken in & small calorimeter and is heated in a 
Fig. 44 water bath or oil bath, until the whole of the solid 
À melts and the temperature rises a few degree above 
the melting point. Tbe bulb of a thermometer is now kept 
immersed in the liquid. The calorimeter is placed on a piece of cork 
inside a large vessel and is allowed to cool undisturbed. As the 
cooling proceedes, the temperature of the substance in the calorimeter 
is noted at regular intervals (say, half a minute). Ata certain tempe- 
raturo, solidification sets in and the thermometer records a constant 
‘temperature and the observation is continued for some time after 
the whole mass gets solidified. A curve is now plotted with 
time as the abscissa and temperature as the ordinate. The 
general form of the cooling curve is as shown in Fig. 45. It would be 
noticed that during the process of solidification the portion of the curve 
is practically parallel to the time axis ; this indicates & constant level 
‘of temperature during the period. If the solid is heated again, it would 
be found that ata certain temperature the solid begins to melt and 
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that the temperature remains constant, till the whole mass of the soli 
has melted. The temperature, which remains constant during the 
process of solidification as well as that of fusion, is found to be the 
same. This is termed the melting point of the particular solid or the 
freezing point of the corresponding liquid. 

There are certain substances (such 
as, glass, pitch. wax, fat, etc.) which are 
solids at ordinary temperature but which 
on being heated pass, before melting, 
through a plastic or Viscous state, which 
lies intermediate between solid and liquid. 
This state may extend over a consi- 
derable range of ,temperature depend“ 
ing on the particular substance. Again 
there are certain liquids (such as, gly- 
cerine, acetic acid and some other 
organic acids and oils) which pass 
through an intermediate viscous state g 
before changing into the solid state, 
These liquids have, therefore, no definite 
solidification point. In the case of a Fig. 45.—Cooling Curve 
substance, which is a mixture of different substances (e.g, paraffin 
wax), we get no single level step in the cooling curve, but a 
series of level steps, 

60, Change of volume in Fusion and  Solidification— A 
substance always changes in volume on melting. In general a 
substance expands on melting and contracts on solidification, There 
are, however, afew solids (¢.g., ice, cast iron, bismuth, antimony) 
which contract on melting. In the former ease the solid sinks in the 
resulting liquid, while in the latter the solid floats on the correspond- 
ing liquid. " i 

The expansion of water on freezing is very nearly 9%. s 
parts by volume of water at 0 O become 12 iir » od Need x 
the same temperature, This means that 1 c.c. of water at 0°O forms 
1'09 c. c. of ice at OC, Ice, therefore, floats on pure water. Take 
a tumbler of water with a lump of ice floating on it, Note the level Of 
water. Ice gradually melts away. The volume of water formed by the 
melting of ice is less by 7zth of the volume of ice ; also the volume of 
ice above water is {rth of the total volume of ice pen Hence the 
volume of the water formed by the melting of ice exactly : 

5 4 y occupies the. 
space formerly occupied by the immeresed portion of ice; so when ice 
on water in a vessel melts, there is no change in the water level. 


If water is contained in a closed space, i i i 
takes place with a great force, A hollow bell of v an eios d 
pletely filled with water, closed with a screw stopper and placed in a 
freezing mixture of ice and salt. After a time the water inside the ball 
freezes when the ball bursts asunder with a cracking sound. If 
completely filled with water and tightlycorked. a bottle be kept in 


TEMPERATURE —>~ 


Time in Minutes—>~ 
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open air on a frosty night, it would burst. Owing to the freezing of 
water inside, water pipes in cold countries often burst during a frost. 
A Since ice expands on freezing the ice that is formed, would 
on on the surface of water. So during frost in cold countries, rivers, 
akes etc, would have blocks of solid ice floating on water leaving 
enough of water space for aquatic animals to survive. Also, since ice 
isa bad conductor of heat it does not allow all the heat of water 
below it to escape and so the water does not freeze toa very great 
depth, even when the temperature above water is very low. Cast iron 
expands on solidification; a lump of cast iron, therefore, floats 
on molten metal. In aniron casting, the mass of molten iron 
ps i. solie S and is forced into intimate contact with 
part o e mould, so that the castings 
eae CENE t gs are very sharp and 

61. Effect of Pressure on Melting Point—The melting point 
of a solid is found to depend on the pressure which it is subjected to. 
The nature of the effect is as follows: Substances like ice, which 
contract on melting have their melting points lowered by an increase of 
pressure, while substances like paraffin wax, which expand on melting, 
have their melting points raised by an increase of pressure, 

A simple consideration explains the above facts. On melting, ice 
contracts in volume. External pressure tends to decrease the volume 
and therefore, helps the process of melting. Hence under increased 
pressure ice melts at a lower temperature. It has been calculated 
that the melting point of ice at 0°C is lowered by about 0'00739C for 
increase „of pressure of one atmosphere ; that is to say, the melting 
pointi of ice is lowered to— 1°C bya pressure of about 137 atmospheres. 
Again, paraffin wax expands on melting ; external pressure helps to 
decrease the volume and therefore, opposes the process of melting. 
Hence under increased pressure its temperature gets raised so as to 
bring about fusion, This holds for all substances which expand on 
melting. 

Regelation—If two pieces of ice are pressed together for a few 


Seconds, then on releasing the pressure the pieces are found to cling 
together at the region of contact. The pressure lowers 
ice melts at the 


the melting point of ice and so the i 
surface of contact. On releasing the pressure the 
melting point rises again and the water formed freezes 
binding the two pieces. The phenomenon of the melt- 
ing of ice due to pressure and the subsequent re- 
solidification, when the pressure is removed, is known 
as regelation (7e. again: gelare, to ireeze) This was 
first noticed by Faraday. The lowering of the melting 


point of ice by increased pressure can be demonstrated 


by the following experiments. 

Mousson's Apparatus—The apparatus consists of a 
stout iron cylinder A (Fig. 45) close dat one end with a 
screw plug and fitted ab the other with screw plunger 


Pt 1/H.—T 


98 INTERMEDIATE PHYSIOS OHAP. VI 


P. The cylinder is partly filled with water which is frozen by placing 
the oylinder inside a mixture of ice and salt. A small metal ball B is 
&hen placed on the top of ice within the cylinder which is now closed 
by the screw plunger. ihe whole is then surrounded by melting ice 
and pressure is gradually applied by working the plungerin. When 
the screw at the bottom is taken out, the metal ball is found to come 
out first. This shows that during the application of pressure ice melts 
and that the ball goes down; hence the melting point of ice is lowered 
by the increased pressure. When the pressure is released, the water 
freezes again, leaving the ball at the bottom. 

Bottomleys Experiment—A large block of ice is placed on a 
suitable support (Fig. 46), With a heavy weight attached underneath, 
a loop of wire is passed over the block near about its middle. It is 
found that the wire makes its way slowly through the block and ulti- 
mately passes out. The block however remains unbroken, the tvack 
of the wire being marked by the section of ice, 


It can be explained thus. Just under the wire the 
ice, being subjected to great pressure, has its melting 
point lowered and, therefore, it melts. The latent heat 
necessary for the melting ofice is taken practically 
from the surrounding ice. Hence the temperature of 
ice near the wire gets below 0°C. The wire passes 
down and the water flows above. The water is now 
free from pressure and since in contact with ice 
below 0'O, its temperature is 0°C, it freezes again 
and thus joins the two surfaces of ice together. 

As the heat necessary for fusion is to be partly con- 
ducted through the wire from the upper side to the 
lower one, the wiretransmits heat more rapidly,ifithe ‘=== 
made of a better conductor. Thus a copper wire cuts Fig. 46 
through more quickly than an iron wire of the same d 
diameter, whereas a piece of thread cuts through very slowly. Snow 
balls can be formed by pressing pieces of snow. The markings of the 
slate of the wheels of heavy cart on ice can he similarly explained. To 
some extent the motion of glaciers may be attributed to this cause. 
Subjected to a very great pressure, a layer of ice as the bottom of 
the glacier melts and the water freezes out but resolidifies. Thus the 
bottom being soft, the glacier begins to move down the incline. 


^ 02. Freezing Mixture —The process of a solution of solid in 
liquid is akin to a change of state. Thus ifa quantity of sugar or 
any salt is dissolved in water, the necessary heat for solution is 
taken from water and the solution ; therefore the mixture cools down. 
When common salt is mixed with ice, a quantity of salt goes into 
solution and absorbs some heat from ice. Thus the mixture would 
have a temperature below 070. This is the principle upon which 
freezing miature acts. Thus by dissolving crystals of sodium sulphate 
or ammonium nitrate in a mixture of ice, a temperature of— 16°C 
may be attained. 
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When the temperature of the freezing mixture falls below 0°C and 
some salt goes into solution, there is an internal pressure due to the 
dissolved salt acting within the solution. This is called the solution 
pressure. This solution pressure helps in liquefying more ice and then 
absorbing more heat from the mixture, an additional quantity of salt 
goes into the solution. This explains the lowering of temperature of 
a freezing mixture. Ultimately an equilibrium of temperature is 
attained, when the rate of supply of heat from the surrounding atmos- 
phere is equal to the rate of absorption of heat due to the dissolved 
substance. This is the minimum temperature attained by the mixture, 


Seme Freezing mixtures 


Ingredients Parts by weight Temp. of the minture 
Ammonium sulphate +10 —17'4°0 
and ice 10 
Powdered ice +10) —22°0 
and common salt vd 
‘Osloiam chloride +10 — 85°C 
and ice 2 
Carbon dioxide (solid) ETÀ -717°C 
and ether mo! 


When accumulated ice melts, it absorbs the latent heat from air, 
whereby the temperature of the air falls and fog is formed. Again, 
when a liquid passes into the solid state, it gives out the latent heat. 
Thus during a snowfall the moisture in the atmosphere changes into 
snow and gives out the latent heat, whereby the air feels warmer. 

63. Laws of Fusion—(1) A solid under constant pressure begins 
to melt at a certain temperature which is constant for the same 
solid and which is called the melting point of the solid at the given 
pressure. The melting point of a solid isthe same as the solidifica- 
tion point of the corresponding liquid. 

(2) The rate of fusion is proportional to the supply of heat; but 
the temperature of the solid remains constant at the melting point 
until fusion is complete. 

(3) Ifa substance (e.g.,) paraffin wax expands on melting, its 
melting point is raised by pressure. Tf a subtance ( such as ice) 
contracts on melting, its melting point is lowered by pressure. 

(4) During fasion s unit mass of each substance absorbs a definite 
quantity of heat known as its latent heat of fusion, which is constant 
for the particular substance. 

64.  Vaporisation and Liquefaction—The change of a subs- 
tance from the liquid state to the vaporous or gaseous state is known 
as vaporisation, while the change of a substance from vapour to liquid 
is‘known as liquefaction or condensation. 

Depending upon the circumstances under which it tak 
process of vaporisation falls under the two catagories: 
tion and (i) ebullition or boiting. 


es place, tho 
(i) evapora- 
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Evaporation—If some water contained in a shallow dish be left 
at the ordinary temperature in a fairly dry room in an open vessel. the 
quantity of water is found to decrease gradually and disappear 
ultimately. Such disappearance ig much more rapid in the case of 
methylated spiri, turpentine, ether, etc. In all these cases the liquid 
gradually passes into the gaseous state and as the mass of the liquid 
is nob disturbed, the change must be taking place at the surface of 
the liquid. The process is known as evaporation. Evaporation, then, 
is a slow change from the liquid state to the gaseous one which takes 
place at the surface of the liquid and at all temperatures. From the 
above we gather that in an unlimited space (such as the open atmos- 
phere) the process of evaporation goes on continuously until the 
whole of the liquid is changed into vapour. But in a closed or limited 
space it would be found that after some time the liquid shows 

: no further decrease in volume. This shows that under definite condi- 
tions a limited space can contain only & limited quantity of vapour. 


Ebullition or Boiling—Take some water in a glass flask closed: 
with a stopper, through which an exit tube is fitted and a thermometer 
is inserted into the water. As the flask is heated over a Bunsen flame, 
the mass of the liquid gradually rises in temperature and the rate of 
evaporation also is found to increase. On the inside of the walls of 
the flask some bubbles appear which become larger with rise of 
temperature of the liquid, finally detack themselves from the walls of 
the flask and rise towards the surface. These are bubbles of air 
dissolved in the liquid. As the temperature rises further, bubbles of 
steam form at the bottom of the flask and while rising up, they collapse 
and condense with a sharp click which causes the water to "simmer. 
As the temperature of the liquid increases, bubbles reach the surface 
of that liquid when simmering ceases. Bubbles of steam are then found 
to escape vigorously throughout the mass of the liquid and the 
temperture of the water is found to remain steady. The water is now 
said to be boiling or in a state of ebullition. 


Thus ebullition or boiling is the rapid change of a substance from 
the liquid state to the gaseous one fora particular liquid and this 
takes place throughout the mass of the liquid and at a definite tempera- 
ture, under given conditions. The temperature remains constant 
throughout the ‘process, provided the pressure remains unchanged. 
The boiling point of a liquid is a particular temperature, at which it 
changes from liquid to vapour under definite conditions and which 


remains constant so long as boilin i iqui 
different, boiling points. E A rou) fale bere 


If a quantity of water, which has been previ i o 
drive away dissolved air, be allowed to boil, it wire is neus 
that there is no continuous bubbling. The reazon is that suddenly 9 
large bubble forms and bursts forth so as to throw the water violently 
upwards. The temperature of the liquid fluctuates slightly. The liquid 
again remains quiescent and similar boiling takes place after an inter- 
val, This is known as boiling by bumping, If a small piece of cotton 
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or a fragment of glass*or porcelain be introduced into the liquid, 
bumping ceases and continuous boiling takes place. 

Distinction between Evaporation ‘and Ebullition—The following 
are the distinguishing features between evaporation and ebullition— 
(i) Evaporation is a slow process. but ebullition is a rapid one 

(ii) Evaporation takes place at the surface of a liguid. while 
*ebullition occurs throughout its mass. 

(iii) Evaporation takes place at all temperatures, while ebullition 
occurs at a definite and constant temperature, called the boiling point, 
which depends on the nature of the liquid and the general conditions. 

Similarity between Fusion and Ebullition—The following are 
the points of similarity between fusion and ebullition — 

(i) The temperature remains constant throughout each process. 

lii) The latent heat is absorbed during each change. 

(iii) Usually there is an increase in volume during each change. 

(iv) Justas pure liquids may be cooled under suitable conditions 
below the normal freezing point without solidification taking place, 80 
also they may be heated above their boiling points without boiling. 

(v) The freezing point as well as the boiling point of a liquid 
change with pressure. 

(vi) The freezing point of a solution is lower than that of the pure 
solvent and the boiling point of solution higher than that of the pure 
‘solvent the difference in each case being approximately proportional 
to the concentration of the solution, €... & saturated solution of 
common salt freezes at aboub— 22°C and boils at 108^0. 

65. Factors influencing Evaporation—The rate of evaporation 
of a liquid is experimentally found to depend upon the following 
six factors *5— i 

(a) The nature ofthe liquid —The lower is the boiling point of a 
liquids, the greater i8 the rate of evaporation. 

(b) The temperature of the liquid— The higher is the temperature 
of the liquid, the more rapid is the evaporation. So as to prevent rapid 
evaporation liquid medicines containing volatileingredients are labelled 
to be kept in a cool place, | 

(c) Area of the exposed surface—As a genetal rule, the larger is the 
area of the surface of the liquid exposed to air, the quicker is the rate 
of evaporation, e.g. & given quantity of a volatile liquid will evaporate 
more rapidly when contained in a dish than in a tumbler. 

(d) The pressure on the surface—The less is 
surface, the higher is the rate of evaporation. . th 
evaporation is extremely rapid. In pharmaceutical works liquid 
extracts are rapidly concentrated and solid extracts are manufactured 
by the process of evaporation im vacuo. 

(e) The pressure of the upper air close to the li 
The less is the quantity of the vapour & 
volume of air, the higher is the rate of evaporation. Water evaporates 


more rapidly in dry sit than in damp air, For this reason wet linen 
and muddy*roads dry more quickly in winter than in rainy seasons, 
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(f) The removal of air in contact with the surface of the liquids— 
When the layer of air above the liquid surface containing the vapour 
is removed by wind, a fresh layer of air comes in the place and helps 
evaporation which thus proceeds rapidly and continuously. Hence wet 
linen dries more rapidly on a windy day than on a calm day. 3 

Factors influencing Boiling Point—The boiling point of a 
liquid is influenced more or less by — mE 

(a) the vapour pressure on the surface of the liquid, i x 

(b) the presence of any dissolved impurity, solid, liquid or gaseous 
and (c) the boiling point which depends to a small extent on the 
material of the vessel and the degree of cleanliness of its inner surface. 


66. Vapour Pressure—The vapour of a liquid formed at any 
temperature exerts pressure like a gas. This is called the vapour 
pressure of the liquid at the corresponding temperature. 

Take two barometer tubes A and B (Fig. 47), each about a metre 
long and completely filled with pure dry mercury, Close the open ends 
and invert both of them over a trough containing pure dry mercury, 
Clamp both the tubes verticallyside by side. Inboth tubes the mercury 
stands at the same level. The height of the mercury column 
from the surface of mercury in the trough indicates the atmospheric 
pressure at the time. The space above mercury in each tube is 
Torricellian vacuum and contains only mercury vapour having 
negligible pressure. 

Into one of the tubes say B, introduce a drop of 
water by means of a small bent pipette. Being lighter 
the watar rises to the top of the mercury column and 
immediately evaporates. The level of the mercury 
column in B comes down to some extent. This indi- 
cates that the vapoursoformed exerts pressure within 
the closed space of B. Thejdifference of mercury levels 
in A and B measures the pressureof the water vapour. 


Again, introduce a drop or two of water into it. 
The water evaporates and the increased quantity of 
Vapour exerts greater pressure, as shown by a further 
depression of the mercury column. Continue adding 
water till a thin layer of water at O appears on the 
surface of the mercury column, Showing that the 
liquid no longer evaporates. The difference of the 
heights of the mercury columns determines the 
pressure exerted by the vapourat the time. Now intro- 
duce a few more drops of water. No longer does the Migs At 
mercury column get depressed. This indicates that the pressure 
exerted by the vapour has reched its maximum value, 


ae 


*It is for this reason that in the determin: 
the bulb of the thermometer: should be Place 
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This shows that under given conditions a closed space can hold 
only a limited quantity of vapour. In this condition the space 
is said to be saturated with the vapour. Hence if in a closed 
space the vapour remains in contact with its liquid, the space is 
definitely saturated with the vapour. The pressure exerted by 
saturated vapour is consequently maximum and is refetred to 
as the maximum vapour tension or saturated vapour pressure at the 
given temperature. 


th NS, 2 space contains less than the maximum amount of vapour 
ee a fea contain at the given temperature. it is said to be 
T urated and the pressure now exerted is known as the unsaturated 
e pressure. Evidently, at a given temperature the pressure 

E unsaturated vapour is less than that of the saturated vapour. 

nm different liquids the above experiment be repeated, it 
would be found that at any given temperature the saturated 
vapour pressures of different liquids are different from each other: 

67. Effect of Pressure on Saturated and Unsaturated 
Vapours—Any vapour in contact with its liquid ina 
closed space is always saturated. Ib is found that saturated 
vapour does nob obey Boyle's Law, but that unsaturated 
vapour does. 

(1) Effect of Change of Volume on Saturated Vapour 
at Constant Temperature—Take a clean barometer tube. 
Fill it completely with pure dry mercury and invert the 
tube over a deep cylindrical trough © (Fig. 48), also 
containing pure mercury. Introduce sufficient water 
into the tube, so that the mercury column is depressed 
to the maximum extent by the water vapour and a layer 
of water remains on the mercury column. The volume 
ofthe enclosed vapour is proportional to the length of 
the space above the mercury i 
between the heights of the mercury column and the baro- 
metric height gives the pressure of vapour, 

Now push the tube gradually into the trough and 
observe the height of the mercury column, Note that 
as the space above the mereury column occupied by the 
vapour is decreased, more and more of the vapour is 
condensed into water, but that the height of the mercury 
column above the surface of the mercury in the trough 
remains unaltered. This shows that the pressure of 
saturated vapour does not change with volume. Again, 
taking care that its open end is always under mercury and 
that some water ig left on the surface of mercury, raise 
the tube gradually ‘As the inside volume is increased, some 
of the water quickly evaporates and saturates the space, but 
Fig. 48 the height of the mercury column above the mercury in © 
remains the same- This indicates that the saturated vapour pressure 
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remains unaltered. This takes place until the volume of the 
space above mercury is increased to such an extent that the whole 
amount of water gets evaporated. Any further increase in the volume 
would make the space unsaturated and the pressure of tthe vapour 
would be inversely proportional to the volume. That this would be so 
follows from Boyle's Law. 


The above experiment indicates that ab a constant temperature 
the amount of vapour necessary to saturate a space is proportional to 
the volume of the space, but that the pressure exerted by the 
saturated vapour remains the same, whatever be the volume of the 
space. Hence at constant temperature the pressure exerted by 
saturated vapour is independent of the volume. Thus we come to 
‘the conclusion that saturated vopour does not obey Boyle's Law. 


(2) Effect of Change of Volume of Unsaturated Vapour at Constant 
Temperature—Take the same apparatus as in Fig. 48. Introduce 
a drop or two of water into the tube and observe the depression of 
the mercury column as the water evaporates. Raise the tube until 
the water is completely evaporated; now raise the tube a little 
further so as to be assured that the space above the mercury 
becomes completely unsaturated. Precaution being taken that the 
open end remains always under the mercury, gradually raise the tube 
at this stage. Note that as the volume of the vapour gets increased, 
the height of the mercury column increases. It is found tbat 
the pressure of the enclosed vapour decreases. Find the vapour 
pressure in each case and note that the product of the volume and 
the corresponding vapour pressure is practically constant, 


Again, push the tube gradually into the trough. Observe that as 
the volume of the vapour is decreased, the height of the mercury 
column decreases. An increase in vapour pressure is thus indicated. 
Note that in this case the product of the volume and the correspond- 
ing vapour pressure is practically constant. This goes on until the 
diminished space becomes saturated with the vapour contained, when 
liquid would appear and the pressure would be the maximum for that 
temperature. No further decrease in volume will change the pressure ; 
only more and more of the vapour will be condensed. Hence at a 
constant temperature the product of the volume and the pressure of 
unsaturated vapour is approximately constant; 'that is unsaturated 


vapour approximately obeys Boyle's Law. With the vapour of any 
other liquid the above facts can be verified. 


68. Effect of Temperature on Saturated and Unsaturated 
Vapours—It would be found that saturated vapour does not obey 
Charles’ Law, but that unsaturated vapour does. 

(1) Change of Temperature of Saturated Vapour—Take two 
barometer tubes A and B filled with pure dry mercury. Invert 
them over a mercury trough O (Fig. 49). Jacket the tubes by a 
wider glass tube J, reaching almost up to the mercury surface and 
having its lower end closed by a cork through which passes the tube. 
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The jacket contains water which can be heated by introducing steam 
through a glass tube reaching almost down to the bottom. The 
temperature is noted by a thermometer T suspended within the 
jacket. With water at room temperature fill the 
jacket, The height of the mercury eolumn from the 
mercury surface in the trough gives the barometric 
height at the time. Introduce sufficient water into 
one of the tubes (say, B) by means of a bent pipette, 
so that the mercury column is depressed to the maxi- 
mum extent and a layer of water remains on the 
mercury column. The difference in heights of the two 
columns gives directly the saturated vapour pressure 
at the temperature of the bath. The tubes being inserted 
inside the same bath, a change of temperature affects 
both the mercury columns equally. 

Now by dropping ice into the bath, lower its tempera- 
ture. Note that as the temperature falls, more and 
more of the vapour is condensed and that the height 
of the mercury column increases. The indication is that 
the vapour pressure, which is always saturated, decreases 
as the temperature falls. The difference in the heights 
of the mercury columns in the two tubes gives directly 
‘the pressure of the vapour at the corresponding temperature. Again, 
ture of the bath by passing steam into it, Note that 
ature rises, more and more of the water evaporates and 


The experiment can becontinued upto a tempera! 
completely evaporates, 

It is to be remembered that so long as the temperature remains 
constant, the pressure of the saturated vapour is not affected by a 
Therefore, the pressure of saturated vapour changes 
perature, but not according to Charles’ Law; it 

ular tempera- 
bey Charles’ 


change of volume. 


with change of tem M 
always equals the saturated vapour pressure at the partic’ 


ture. This shows that saturated vapour does not o 


Law. 

(2) Change of Temperature of Unsaturated Vapour—The appara- 
-tus, which can be conveniently used for the purpose, consists of a 
be AB (Fig. 50) having at one end a funnel tube 


wide graduated tu l 
E provided with stopcocks Sı and Sa. The lower end of AB is con- 
nected by & thick-walled flexible rubber tubing to another glass tube 


"DF which is open at the top. The lower parts of AB and DF and 
the whole of the rubber tube are filled with pure dry mercury, The 
tube AB is jacketted by a wide glass tube J closed at the lower end 
by a cork, through which the lower end of AB passes. The jacket 
-eontains water which can be heated by passing stesem into it by a 
glass tube I, reaching almost up to the bottom of the bath ; the tem- 
ipereture is recorded by the thermometer T. The jacket tube is held 


ia^ 
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vertically by the clamp O fixed to a suitable stand. ‘The tube DF 
can be moved up and down along a vertical stand against a metre 
scale and can be clamped at any position. el; 


Open S, and 8, Raise DF until the mercury in 
AB comes out of B4, 80 that the air in AB escapes 
fully. Close the stopcocks and lower FD, until the 
mercury level in AB goes down sufficiently to leave 
a vacuous space above the mercury surface. 
Evidently the difference in the mercury levels in AB 
and DF is the barometric height at the time. In the 
funnel pour some liquid, say water. Open 8,, when 
some amout of the liquid occupies the space between 
S, and §,. Close S, and then open Se, so that a 
very small quantity of water is discharged into the 
vacuous space in AB and at once gets evaporated. 
Observe that owing to the pressure of the unsatu- 
rated vapour the level of mercury in AB sinks. 
Increase the space above mercury a little more by 
lowering FD and make sure that the space becomes 
unsaturated. Note down the position of the mercury 
level in AB. Subtracted from the initial difference, 
the difference in the mercury levels in AB and DF, 
ie. bhe barometric height, determines the pressure 
of the unsaturated vapour at the temperature, 


Now by passing steam into the bath, gradually 
raise its temperature. At intervals maintain the tem- 


Fig. 50 


perature constant for some time by regulating the flow of steam. 


Observe that as the temperature rises, the mercur 
depressed more and more, Raise DF each time, 
in x comes to the original position, 
is kept constant. Note that the difference in the in 
AB and DF gradually decreases ; this is indicative Goin in 
vapour pressure. It is found that the 
temperature approximately follows 
ture of the jacket is decreased 


Y column in AB gets 
till the mercury level 
80 that the volume of the vapour 


Law. This goes on, till at a cer 
saturated with the vapour contai 
decreased, the pressure bei 
temperature in question, falls at i i 

espe idend x ee a quicker rate, It is found, therefore, 


vapour chenges in obedience of Charles" Law. 


unsaturated vapour approximately obe V i 

of any other liquid the above facia Fei dk eec 
69. Distinction between Saturated and Unsaturated Vapours 

—When a space contains the maximum quantity of any vapour 

which can be contained in the volume at the given temperature. the 


This proves that 


——— a 
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space is said to be saturated with the vapour. The pressure exerted 
by the saturated vapour is the maximum for that temperature. The 
presence of some amount of the liquid in a closed space ensures that 
the space is saturated. Ifthe space does not contain the maximum 
possible amount of vapour at the given temperature, the space is then 
unsaturated with the vapour. 

Ata constant temperature the pressure of saturated vapour does 

not depend on a change of yolume. Ifthe volume is decreased, some 
amount of the vapour is condensed ; but the pressure remains the 
same. Again if the volume is increased, to saturate the space some 
amount of the liquid at once evaporates, the pressure remaining the 
same as before. In the case of unsaturated vapour, a change in volume 
at constant temperature produces a change in pressure and approxi- 
metely follows Boyle's Law. If the pressure is increased, the volume 
decreases ; this goes on until the volume becomes saturated with the 
vapour, after which the pressure cannot be changed any further ; but 
any attempt at compressing the volume would condense more and 
more of the vapour, Saturated vapour, does not obey Boyle's Law ; 
but unsaturated vapour approximately does. 
_ Ifthe temperature of saturated vapour in contact with its liquid is 
increased, more and more of the liquid evaporates; the pressure 
increased with temperature, it being always the saturated pressure at 
the particular temperature. Ifthe temperature is decreased, some 
volume of the vapour is condensed, the pressure falling to the gatura- 
tion pressure for that temperature. The change of pressure in either 
case does not, however, take place in consonance with Charles’ Law. 
But in the case of unsaturated vapour the pressure changes with 
temporature approximately in accordance with Charles’ Law. If the 
temperature decreases, the pressure decreases, till at a certain tempe- 
rature the space becomessaturated with the vapour present. On further 
lowering the temperature, more and more of the vapour i$ condensed 
the pressure each time coming to the saturated pressure at the 
particular temperature Saturated vapour, therefore, does not obey 
Charles! Law ; but unsaturated vapour does approwimately. 

The following table supplies the saturated vapour pressure of 
water with the corresponding temperature. 


Saturated Vapour Pressure of Water with Temperature 


VL —— 


| 
Temp. Press. Temp. Press. Tomp. Props, | 
(in °O) (in mm.) (in °C) (in mm.) (in. *O) (in mm.) 
4 610 16 1362 28 29'04 
6 701 18 15'46 80 8177 
8 8'04 20 1752 92 95:59 
10 920 22 21°02 84 40 02 
12 10:53 24 2209 36- 4490: 
14 1148 26 25°65 88 50°26 
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70, Pressure by a Mixture of Gases and Vapours—Take the 
same apparatus asin Fig. 51. Keep the jacket filled with water at 
the room temperature. Open S, and Sa and draw in a quantity of dry 
airinto AB, Adjust DF, so thatthe mercury levels in AB and DF 
are the same, The air in AB is now at atmospheric pressure. Mark 
the position of the mercury in AB. Put some ether in the funnel. 
Through the stopcocks introduce sufficient liquid into AB so as to 
leave some of it unevaporated. Observe that the mercury column in 
AB is depressed by the pressure of the vapour. Now raise DF till the 
level of mercury in AB is brought back to its former position, As the 
volume of the airis the same as before, its pressure is equal to the 
atmospheric pressure. The difference of mercury levels in DF and AB 
is, therefore, equal to the pressure of saturated vapour at the room 
temperature. 


Again, open S, and Sa. Raise DF till the air, the ether vapour 
and a little of the ether are driven out of AB, some only being left 
on the mercury surface in AB. Close 8, and Sq and lower DF suffi- 
ciently to get the ether evaporated. The difference of mercury levels 
in DF and AB remains the same, even though DF is lowered still 
farther, provided some ether is left in AB. This difference gives the 
pressure of saturated ether vapour at the room temperature, when 
formed in vacuum. It is found that the pressure of the saturated ether 
vapour ata particular temperature, whether formed in vacuum or in 
presence of air, is the same. 


If in the above experiment the volume of the space over mercury 
in AB be increased or decreased by lowering or raising DF, the total 
pressure due to air and vapour will found to change. But if due to 
a change of volume of the air the alteration in pressure as given 
by Boyle's Law be taken into account, the pressure due to the vapour 
alone is found to remain the same, provided there is enough of the 
liquid to keep the space saturated. But if the space is unsaturated, 
then for any change ,involume the total pressure is found to change 
according to Boyle's Law. If with water or any other liquid the 
experiment be repeated, similar result will be obtained. Again, if 
the saturated pressures of two liquids be separately \determined in 
closed space, the saturated pressure, when both the liquids are simul- 
taneously present in given volume, would be found to be equal to the 
ayy a Pressures exerted by each, provided there is no chemical 
ane given blow ^n two. Summarised in Dalion's Law, the results 

alton's Law of Vapours —The la 7 
known as Dalton's Law, may be rile es oe Vapour Pressure, 


(1) The saturated Pressure of a particular vapour ina closed 


space, at a given temperature depends only on this temperature and 
is independent of its volume or of the “foodie of any other vapour or 
$88, provided they do not chemically react with each other, 

2) The total Pressure exerted in a closed space by a mixture of 
€ases and vapours having no chemical action upon one another is the 
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sum of pressures which each would separately exert, if it alone occupied: 
the whole space at the existing temperature. 


The first law applies only when the space is saturated, while the 
second law always holds good, no matter whether the space is 
saturated or not. 


Example = 

Two bulbs of volumes 1 litre and 2 litres are connected by a tube of narrow bore. 
Initially the air inside the two bulbs is at O°C and 76 em. pressure. The smaller 
bulb alone is raised to the temperature of 100°C. What is the pressure inside 
the system ? ‘And, U.—1952] 

Ans. Suppose that the smaller bulb is isolated and then raised to 10070.. 
Then the pressure inside the bulb is 76 x (14-100 x '00366) cm. Now connect 
this bulb to the larger bulb which to start with, is supposed to be empty. If 
the pressure of the two bulbs of total capacity of 3 litres be P, oms., then from 
Boyle's Law 

76x (1+100x'00366)x1=P,x3, whence p,= Aree 

Next isolate the larger bulb, the pressure inside being 76 om. and connect it to. 
the smaller one which is now supposed to empty. Then if the ipressure of the 
system be P, cm., it follows from Boyle's Law that 

16x2 


p,x3-76x2, whence P&,— "E 


Dalton's Law of Pressure, then, ensures that the total pressure .of the system 
is—P, +P, (a + B22) om. =(16% 1'199)ern,=85'972 om. 

71, Vapour and Gas: Critical Temperature—Use of the 
two terms vapour and gas is made with no hard-and-fast distinction, 
Generally speaking, vapour is used to mean the gaseous state of a 
substance which is aliquid or a solid at ordinary temperature and 
pressure ; instances of this are water vapour, ether vapour, alcohol 
vapour and vapour of iodine or of camphor, The term gas generally 
denotes a substance which under ordinary temperature and pressure 
remains in the gaseous state; such substances are oxygen, nitrogen, 
ete, A general distinguishing feature 18 that a vapour can be easily 
liquefied at the ordinary temperature by increase of pressure alone, 
while under similar conditions a gas would get more and more 
compressed. 4 

Tt is found that even a vapour cannot be liquefied by pressure, 
however great, if it be above a particular temperature which depends 
on the nature of the vapour. Hence above this temperature the vapour 
behaves like a gas obeying Boyle’s Law. On the other hand, if cooled 
below a certain very low temperature, so-called permanent gas (e.g., 
hydrogen or oxygen) can be liquefied by suitable pressure. 80 that 
below this temperature the gas behaves as the vapour of the liquid. 


for every substance in the gaseous state there isa certain 
eee ek that the substance can be liquefied by ‘suitable 
pressure alone if it be below this temperature ; but it cannot be 
liquefied, if it be above that temperature, however great the pressure- 
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may be. This temperature is known as the critical temperature 
ofthe gaseous substance. Hence below its critical temperature a 
substance in the gaseous state behaves like a vapour and above this it 
behaves as a gas. In other words, a gas is not other than a vapour above 
ats critical temperature. The critical temperature of oxygen, nitrogen 
and hydrogen are very low, being respectively—11 8'8°C.,—147'1°C 
and— 239'9'C. Hach gas must, therefore, be cooled below its critical 
temperature before it can be liquefied by the application of suitable 
pressure. 

Critical Pressure—The pressure required to liquefy a gas at its 
eritical temperature is called its critical pressure. 


Critical Volume—The volume occupied by one gramme of a 
geseous substance at its critical temperature and critical pressure is 
called its critical volume. 


Examples : 

1. Dipped into mercury, a barometer tube contains some air. There is 
"introduced a quantity of water, a part of which remains unevaporated and the 
height of the mercury column is now found tobe 70 cm. What is the height of 
the column when the tube is depressed so as to reduce the volume occupied by the 
air to half the original volume ? (Atmospheric pressure and temperature at the 
time are 76 cm. and 20°O respectively. Saturated vapour pressure of water at 20°C 
is 17'5 mm.) 


Ans. Obviously, the pressure of air and saturated vapour inside-(70— 70) 
som. =6 cm, 


s's the initial pressure of air only —(6—1'75) om, =4'25 cm. 

When the volume of the air is reduced to a half, the pressure of the saturated vapour 
cemeln the same; but the now pressure of air beeomes equal to (2x425) cm. 
s.e., 8'5 om. 

Let the new length of tho mercury column be=} cm. Accordingly, 
h-+85+175=76, whence the desired height h is 65-75 em. 


2. Five hundred c.c. of hydrogen is collected over water at 25°C when the 
barometric height is 762 mm, Caloulate the weight of hydrogen when dried. 
(Density of hydrogen at N.T.P.—0:09 gm. per litre; saturation water pressure 
-at 25°O is 23.55 mm.) (Mad, U.—1950] 


Ans, Since hyfrogen is collected over water, the i 
^ gas is saturated with water 
US NN der h rene exerted by the mixture is the sum of the individual 
5 pred I PY ia exerted by hydrogen alone at 25°C and haying a volume 
Then, by the condition of experiment, p+93°55 =f] =738'45 
Then, from Boyle’s Law, if the volume be Voc, ie evar: 
760 Xv _738°45 x 500 
a3 T COB35 * whence v=445'1 c.c, 


Bo of this 1 "1x y 
| épproximataly).” umo the mass of hydrogen =(445'1 x '00009) gm.—0'04 gm. 


3. A uniform tube, 80 cm. long and ls i i i 
, d » cm. h 
mercury and it is inverted overa mereury fag WHEN he. enr Seow 


atmospheric pressure being 76 cm. ‘If the e in, 'i 
1 tror, that hi hi 
pressure of (unsaturated) water vapour, what will He tho Kola S PERSE it the 
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Ans. The length of the space above mercury —(80— (2-- 74:4) em. —3*6 em. 
the volume of the water vapour=(3°6X1) c.c.—8'6 c.c. and the pressure 
=(76—-74°4), $.€., 1'6 em. of mercury. 

Ifthe volume of the vapour at atmospheric pressure be v c.c, Boyle's Law 
states. 

16xv=16X3 6. whence the required volume ¥ is 0°7 c.c. 

4. A mass of air is saturated with with water vapour at a temperature of 100*0 ; 
on raising the temperatare to 200°C without changes of volume the pressure is 
raised to two atmospheres. Find the pressure: at 0°C of this volume of the 
air alone. {Pat. U.—1996] 

Ans. Let the respective pressures of dry air at 0°O and 100°C be P,cm. and 
P om. of mercury. 

Now at 10070 the prossure of the saturated water vapour =76 em. 

Y total pressure of the (saturated) moist air=(P+76) cm. 


os ” 


Asthe vapour is unsaturated at 200°C, the standard equation IW gives 


P476 _ 2x76 
100+273 2004278" 


P 43'734 43:734 x 278 
Žo mne K SS TT 
Again, 373 — 100-913 " 318 ia 

Thus the pressure sought for is 32°01 cm. 

5. Atoneenda capillary tube of uniform bore is sealed and a column of air is 
enclosed in the tube by a pellet of water. The enclosed air column measures 10 om. 
at a temperature of 17°0, and 16 cm. at 67°C, Ass ming that the vapour pressure 
cof water at 17°C is 15 mm., find the vapour pressure at 67°C, (Barometric height at 
the time=760 mm.) 

Ans. Denote the vapour pressure of water at 6770 by z mm. 

Owing to the presence of the pellet of water the column of air is always saturated 
with water vapour. Now we know fhat the saturated vapour pressuro is not 
affected by change of volume and ihe total pressure inside is therefore, always 
equal to the atmospheric pressure. 

Since due to dry air only the initial pressure =(760— 15) mm,=745 mm. 

pv’ 
and the final pressure (760 — 2) mm., we know from the relation Vv 


whence P= 49/734. 


r P= 


that 
(160—2) x 16,745 x 10 14 
epum) CIEN epe o M 
Thus the desired pressure is 214'1 mm. 


72. Cold caused by Evaporation— Whenever a liquid evapo- 
rates at any temperature, some heat is necessary to be supplied as 
latent heat for such a change of state. Tf the heat is not supplied from 
external source it is absorbed fromthe liquid itself or the surrounding 
air and other objects with which the liquid and the containing vessel 
may be incontact. During the process these are, therefore, cooled, 
and the more rapid the evaporation, the greater the cooling produced. 

The following experiments and observations testify to the above 
statement.:—On the palm pour a few drops of ether or alcohol. 
As the liquid evaporates, it absorbs heat from the palm which cools 
thereby. In some minor surgical operations local anaesthesia is 
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produced by an ether spray. The bulb of a thermometer is wrapped 
with a piece of muslin and a few drops of ether are poured over the 


muslin, With evaporation of ether the thermometer records a drop: 


in temperature. Tea is sometimes poured out in a saucer before 
sipping: tea in the saucer, being exposed over a large surface, 
evaporates more quickly and gets cooled. If for some time a person 
remains with wet cloths on, he is likely to catch cold, for while water 
evaporates, it absorbs heat from his body. 


Kept in unglazed earthen pitchers, water in hot climate becomes 
cooler than the water kept in glass or metal vessels. The reason is 
that the walls of earthen pitchers being porous, water always oozes 
out and evaporation takes place all over the vessel, whereas in a 
metal vessel it may take place directly from the water surface only 
through the mouth. Quicker evaporation, therefore, produces greater 
cooling of waterin the porous vessel. But when the atmosphere is 
saturated (asin rainy season), very little evaporation occurs and we 
do not find any appreciable difference in the temperatures of the 
water in the two vessels. When streats are watered, the water 
evaporates, taking the latent heat from the surrounding air, which is. 
thus cooled down. 

(i) The perspiration coming out of the pores of our skin gets 
evaporated slowly ; the vapour remains as a sort of enveloping layer 
over the skin. (ii) The wind of a fan removes this layer of vapour ; 
fresh layer quickly takes its place and this produces rapid evaporation. 
This causes removal of heat from the skin and produces cold, (iii) 
When the forehead of a person is sponged with eau-de-cologne, he 
feels refreshed, for the liquid, which contains a large proportion of 
alcohol, evaporates quickly and takes away much of the local beat. 
(iv) The same purpose is partially effected by supplying a piece of wet 
linen on the forehead and then fanning briskly. Hung near the doors 
and windows of a room, a wet khus khus screen or a moist and coarse 
canvas screen keeps it cool. As the water evaporates, the latent 
heat is taken from the air in the room, which thereby gets cooled. 
(v) Put some water on a block of wood and in the water place a beaker 
containing some ether. Blow air through the ether which gets 
quickly evaporated, Rapid cooling is produced, whereby the water on 
the wood may ultimately freeze. 

Leslie's Experiment—Under the receiver of an air pump are 
placed a small shallow metallic dish Containing some water and a 
vessel containing strong sulphurie acid. As the pump works, the 
pressure inside falls ; also some of the vapour formed is removed by 
the pump and the rest is absorbed by sulphuric acid. This produces 
a very rapid evaporation, Whereby temperature of the water falls 
down quickly so that a thin layer of ice appears on the surface of the 
Water. Contained under pressure ina vessel, liquid carbon dioxide 
is allowed to escape through a fine jet inside & closed wooden box; 


the rapid evaporation of the liquid, that c i 
extent that it solidifies, eins snare NOR UA 
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Wollaston's Cryophorus—Ié consists ofa long bent glass tube 
which has a bulb at each end (Fig. 02) 
and it contains a little water and water 
vapour, but no air. To start with all the 
water is transferred into one of the 
bulbs (say B) andthe bulb A is kept 
inside a freezing mixture. As the vapour ` 
in A condenses, the pressure inside 
E falls and rapid evaporation of the water 
ig. in B takes place. The water in B 
is thus gradually cooled, 


On holding any bulb with plam it is slightly warmed and even 
at the room temperature the liquid shows boiling under diminished 
pressure, The lowering of temperature caused by rapid evaporation 
ofammonia is utilised in Cold Storage wherein meat and other 
perishable foodstuffs are stored in warm climates. In refrigerating 
machines the same principle is utilised. 

73. Ice Machine—This is used for the manufacture of ice on a 
large scale. The essential parts of the machine are (Fig. 53) :— 


(1) A tank T filled with a strong solution of brine or of calcium 
ehloride, 

(2) Tube Coils —Liquefied ammonia or carbon dioxide is contained 
in coils of copper tube immersed horizontally within the solution. 
The circles in this tank indicate transverse section of the coils, These 
coils are called the evaporator coils. 

(3) Ice-cans (C, C)—These contain water to be frozen. 

(4) A pump (P)—This is a combined exhaust and compression 
pump and is worked electrically. Ibis connected to one side directly 
with the evaporator coils. 


(5) A condensing 
coit (A)—The pump 
P is connected to the 
other side with the 
eondensing coil A 
and the regulating 
valve V. 

(6) Pressure gauges 
L and H—The for- 
mor ig to measure low 
pressure snd the 
latter for high. 


Action— When the 


pump P works as a " 
a compression pump, it forces gaseous ammonis under a high pressure 


of about 155 pounds per square inch into the condenser coil A which 
is kept cool by a constant flow of water over its surface. The 


Pt. 1/H.—8 
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ammonia thus gets liquefied and is allowed to pass slowly through the 
valve V into the evaporator coils, The pump P now works asan 
exhaust pump, and asborbing the latent heat from the brine, the 
liquid ammonia in the evaporator coils evaporates very rapidly. The 
evaporated gas is then compressed again into the condenser coil and is 
again liquefied under the influence of cold bath. The liquid 
ammonia passes into the evaporator coil and is treated as before, The 
evaporated ammonia is pumped out so quickly that the pressure 
inside the coil does not exceed 34 pounds per square inch. The brine 
is thus continuously cooled andis brought down to the temperature 
of about— 16°F, so that the water in the cans O, O gets frozen into 
blocks of ice. 

74. Cold caused by Expansion of a gas—When a compressed 
gas is allowed to expand through a narrow orifice, the gas has to do 
work against the molecular attraction. The energy necessary for this 
is taken from the gas which is thereby cooled. i his iscalled the Joule- 
Thomson Effect. If the carbon dioxide stored under great pressure, 
is allowed to escape through a narrow opening into a vessel 
open to the atmosphere, intense cooling is produced whereby the 
carbonic acid may be solidified. The principle of cooling by expansion 
is utilised in the modern method of liquefying air and other gases. 

Liquefaction of Au—(Linde's Method)—The essential parts of the 
machine are (Fig 54) :!— 

(1) a powerful pump P acting as a eompressor, (2) a cooler 
R which in a cylindrical vessel containing cold water in which 
pipes conveying the compressed air are placed and (3) double- 
walled coil S provided with an inner tube S, is placed surrounded by a 
non-conducting material within a box and has at its lower end a 
small needle valve V. 

Action—The air is at first freed. completely from CO, by being 
slowly drawn through a series of line towers (not shown in Fig. 54). 
By the pump P this air is 
then pumped to a pressure of. 
nearly 400 atmospheres. As 
the airis thus again heated, 
it is cooled by being passed 
through the cooler R. The 
gas under high pressure may 
be cooled to—4°O with the 
help of ammonia refrigerating 
Machine. The cold compressed 
air then passes down the inner 
tube S8 of the double-walled 
coil and escapes through the 
valve V. As the air suddenly 
expands, its pressure falls.to 
about 16 atmospheres and „its 

1 i E temperature records & consi- 
derable fal. This cooled air returns through the space between the 
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Fig. 54 
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wo tubes and thus cools the air moving through S towards the valve 
V. Hence as the pump is worked, the temperature of liquefaction’ 
is reached, The eritical temperature for oxygen is—118 81°C. The 
liquid air collects ina vessel attached below the valve and can be 
drawn off through the stop-cock O. The liquid air is stored in Dewar 
vessel which’ is a double-walled glass vessel the intervening space 
being made vacuum: Under « pressure of one atmosphere the boiling’ 
point of liquid air is —183*0, By making it boil under reduced 
pressure, a temperature of —217°O (58? K) ean be attained. 


*75, Production of Low Temperature—By using 4 modified 
‘apparatus working on the same principle, hydrogen was liquefied by 
Dewar in i891 and then by Travers. The gas was previously eooled 
to—2009C, and was subjected to a pressure of 290 atmospheres. The 
critical temperature of hydrogen is—2.9°9°O and liquid hydrogen 
bolis a&—262' 790. under a pressure of 1 atmosphere, By making it 
boil under a reduced pressure, the liquid can be frozen to 4 white solid, 


Cooling the gas down to—269°C, i.e (4^ K) Kemerlingh Onnes lique- 
fied helium in 1908, the critical temperature of the gas being 5/26? K, 
and its boiling point under a pressure of one atmosphere being 4'96?*K. 
Onnes could not solidify helium, although in 19:1 he reduced &he 
temperature to 0'99°K under a pressure of 0'013 mm. In 1926 
Dr. Keesom suceeeded in partially solidifying helium by subjecting 
it to an onormous pressure of 130 atmospheres and two years later 
by Giauque in 1927 it was pointed out that temperature can be 
lowered by demagnetising magnetised oxygen. In the case of gadoli- 
nium sulphate the megnitude of the fall was independently calculated 
by Debye in 1926. Gaiuque reached to temperature of 32 ^K by using, 
this substance. Afterwards De Hass, Krammers and others succeeded, 
án recording a temperature of 0'05°K, 


76. Boiling Point of a liquid—A barometer about a metre in’ 
length is completely filled with pure dry mereury and is inverted over 
a mereury trough (Fig, 55) By means of a bent pipette some quantity’ 
of wateris introduced into the tube. The tube isthen jacketted comple- 
ube with ends closed by corks, as shown in the 
figure. Steam is now introduced into the jacket tube by small tube 
at its upper end and is allowed to eacape through a tube below. With 
rise of temperature the pressure of the water vapour in the tube in- 
creases and the mereury column js gradually depressed. The difference 
between the initial height and the ‘height of the mercury column at 
any instant reads the pressure of the water vapour at the correspon- 
ding temperature. Ultimately  stesdy state is reached. If there be 
sufficient water present, the level of mercury inside the tubeis found 
to be the same as that in the trough. A’ 
inside is at the temperature of boiling water and the pressure of the 
vapour is equal to. the atmospheric pressure. So we infer that the 
‘vapour pressure of water at the boiling point is equal to the atmos- 


t this stage the water vapour : 
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Dherie pressure, Hence the boiling point of a liquid may be defined 
8 the temperature at which the saturated vapour pressure of the liquid 
is equal to the pressure above its surface. 

Hence so long as the vapour pressure is less 
than the pressure on the surface, the liquid would 
continue to evaporate and when the two pressures 
are equal, the liquid would boil. The standard boiling 
point of a liquid is referred to under normal atmos- 
pherie pressure. Thus the assertion that the boiling 
point of water is 100°C means that at 100°C the 
pressure of water vapour is equal to the normal atmospheric 
pressure, t.e., a pressure of 76 cm, of mercury. y 

77. Effect of Pressure on the Boiling  Point— 
The very definition of boiling point suggests that a 
liquid would boil at slower temperature ifthe pressure 
on its surface is decreased, and at a higher temperature if 
this pressure is increased. 

(a) Boiling under Diminished Pressure——This 

may be demonstrated by the following experiment, 
(i), Boil some water in a beaker snd place it quickly 
under the receiver of an air pump. Wait till the 
boiling ceases and then work the pump vigorously, Fig. 55 
The water is found to be boiling again. The explanation is that the 
vapour pressure at the decreased temperature is less; so when by 
working the pump the pressure on the surface of the liquid isreduced to 
* value equal to the vapour pressure at the time, boiling recommences. 

(ii) (Franklin's Experiment—Take a strong round-bottomed flask 


which produces the pressure on the water surface, 
stream of cold water on the flask i the water within the flask is seen 


1 So long as the 
water in the flask remains sufficiently warm, 
the addition of fresh water starts the boiling again. 


eral times. the 


ask is condensed, The press- 
ure on the surface of the water is thereby reduced. 
Although much below the normal boiling point, the 
temperature of the water stands at about the boiling 
point corresponding to the reduced pressure. So 


f 
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equal to the saturated pressure. The pouring of more water causes 


- further condensation which starts the boiling again. 


(b) Boiling under  Inereased Pressure—This may be de- 
monstrated by è 


Papin's Digester—This instrument consists of a strong metal 
vessel which is suitably closed by a lid and fitted with a pressure gauge 
and safety valve, The pressure gauge indicates the pressure of the 
ateam within the vessel while the valve controls the pressure of the 
steam. The valve automatically opens when the pressure exceeds a 
certain limit and allows the excess steam to escape. A thermometer 
is inserted through the lid. 


When the vessel is heated, the vapour accumulates inside and the 
pressure due to this vapour on the surface of water increases. Water, 
therefore, does not boil till a temperture is reached at which the 
maximum vapour pressure is equal to the pressure on the surface, 
Tt is found that water boils ab about 120°C when the pressure on 
i&s surface is increased to 2 atmospheres, and at 200°C under a 
pressure of 15 atmospheres, 


78. Regnaults Experiments—To find the saturated vapour 
pressure of water at various temperatures (from 50°C to about 250°C) 
Regnault devised an apparatus whereby the variation of the boiling 
point of a liquid with pressure, greater as well as less than one 
atmosphere, could be determined. Liquid is known to boil when its 
Saturated vapour pressure is equal to the super-incumbent pressure, 
Hence by knowing the variation of the saturated vapour pressure with 
temperature, the variation of the boiling point of liquid with the 
pressure on its surface can be found. 


The liquid is contained in an air-tight copper boiler B (Fig. 57) 
the upper part of which is connected through a Liebig's condenser 
O with a large round-bottomed flask E. The flask is kept immer- 
ged in a bath of constant temperature. This pressure of the air within 
it can be increased or decreased by a pump and can be measured by 
an open U-tube mereury manometer M. A sensitive thermometer 
is introduced through the lid of the boiler B so as to read the tem- 


perature at which the liquid boils. 


By aid of the exhaust pump the pressure of the enclosed sir is at 
first reduced tos certain value. Then as the liquid within the boiler is 
heated, the vapour formed, in trying to escape through the condenser, 
comes in contact with cold walls,condenses into liquid and comes back 
into B, After some time the liquid is. found to boil and the tempera- 
ture is noted. The pressure of the vapour at this temperature, which 
is equal to that of the air in E, is obtained from the manometer, By 
means of a condensing pump the pressure inside is then inereased 
to a certain value above one atmosphere. The temperature of the 
liquid is found to rise and become steady when the liquid boils at 
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some higher temperature. The pressure is increased in successive steps; 
the corresponding boiling point ia noted in each case and is found to 
increase. As the saturated vapour 
pressure of a liquid at its boiling 
point is equal to the super-incum- 
bent pressure, this method gives 
the boiling point of the liquid 
under various pressures. The 
method also gives the saturated 
Vapour pressure of the liquid as 
given by the manometer at vari- 
ous temperatures, By this method 
Regnault was able to find the 
saturated vapour pressure of waterof from 10°C to 230°C, the value at 
the latter temperature being 27°5 atmospheres, Thus by knowing 
the boiling point of water, the corresponding vapour pressure is 
known from Regnault's table. 

Evidently any variation in the atmospheric pressure changes the 
boiling point of the liquid. Thus at sea-level, where the atmospherie 
pressure is maximum, the boiling point also attains the highest value. 
At higher altitudes the atmospheric pressure decreases and so the 
boiling point comes down. The boiling point of water at the top of 
^ mountain is, therefore, less than 100°O, Thus, at Darjeeling (6800 
feet above the sea-level) water boils at about 94°O, At Quito, which 
is the highest city in the world (9520 feet. above the sea-level) water 
boils at 90°C. At very high altitudes, therefore, it would be 
impossible to cook food properly in open vessel. This difficulty can be 
avoided by taking closed vessels in which the vapour, that is formed 
automatically, increases the Pressure on the surface of the water and 
hence the boiling pofnt rises. The boiling point of water is found 
to decrease by 1°C as the pressure falls by about 26°1 mm, Hence 
in determining the upper fixed point of a thermometer the atmos- 
pheric pressure at the time is to be carefully noted and a correction, if 
necessary, is to he made for the variation of the boiling point of water. 


The following Table supplies the variation of Boiling Point of 
Water with Pressure,— 


Boiling Point of Water at Specified Pressures 


—— 


Fig. 57 


Pressure Boiling Pressure Boiling 
(in mm.) point (in mm,) point 
(in °C) (in °O) 
ue E e ti R6 T uin 0). a. 
750 99°63 764 1001 
152 99°70 766 100-34 
756 99°85 768 100'29 
758 99:93 770 10037 
760 100°00 772 100°44 
à 762 10007 774 100°51 
WO IRI ee ee Hache tad Mig 


ABT. 79 OHANGE OF STATE 119 


79. Measurement of Saturated Vapour Pressure of Water— 
The maximum vapour pressure of water at various temperatures can 
be determined in the following way * 

(a) For ordinary temperature (between 0°C and 10070): by 
Regnault's Method —T wo barometer tubes are completely filled with 
pure mercury and are inverted over a mercury trough. They are jacket- 
ted (as shown in Fig. 50) by a wider glass tube, reching almost up to 
the mercury surfaee in the trough. Into one tube sufficient water 
is introduced so that a thin layer of it is allowed to remain on the 
surface of the mereury, while the other tube serves as the barometer. 
The water in the jacket is heated by passing steam into it. The 
temperature is noted by a thermometer, while the pressure of the 
saturated vapour is obtained directly from the difference of the 
mercury levels in the two tubes. 

(b) For low temperature (below 0°C) : by Gay-Lussac’s Apparatus 
— The tube, in which water is to be introduced, is bent over at the 
upper end. The bent portion, which generally ends ina bulb, 
contains the liquid and in order to lower the temperature to the 
required extent, it is surrounded by a freezing mixture. The other 
tube reads the atmospheric pressure and the difference of mercury 
levels determines the vapour pressure directly. 

(c) For higher temperature (above 190*0)—For this purpose 
Regnault’s apparatus (as shown in Fig, 57) is used and the usual 


procedure is followed. 
Ramsay ard Young's Experiment—For studying low vapour 


apparatus. Their apparatus consists of a wide glass tube A provided 
with a side tube B which is connected to a large glass bulb C (Fig 
58), This bulb can he immersed in a freezing mixture andects as an air 
reservoir. The outlet pipe from O is connected to a T-piece D—one 
end E leading to an air pump, and the other to a manometer M. The 
" thermometer T and a tap funnel 
RO meant to introduce the liquid under 
test are inserted air-tight into the 
tube A. To the bulb of the thermo- 
meter is fastened some cotton wool. 
The tube is placed in a water 
bath (not shown in the figure) and 
the temperature is kept sufficiently 
high. Through the tap funnel and 
into the tube is introduced the 
liquid which moistens the cotton 
wool. Due to the temperature the 
liquid evaporates and soon the space 
around the temperature bulb is 
saturated with the vapour. The temperature now shows a steady 
value, which corresponds to the boiling point temperature of the 
liquid at a pressure maintained by the pump. This pressure is, 
however, recorded by the manometer. By altering with the help of 


Fig. 58 


120 INTERMEDIATE PHYSIOS CHAP, VI 


the pump the pressure within the apparatus and taking the corres- 
ponding thermometer readings, series of measurements of the boiling 
points, corresponding to various pressures, can be obtained. So as 
to maintain a constancy of pressure during observation, the most 
essential point is to make the whole apparatus air-tight. 

80. Laws of Ebullition—The following are the observed laws 
under which a liquids boils ; 

(a) Aliquid boils a& the temperature at which its maximum 
vapour pressure is equal to the pressure on the surface. 

(b) Under a particular pressure every liquid has a definite boiling 
point. The boiling point rises or fallsaccording as the super-incumbent 
pressure increases or diminishes. 

(c) If the pressure remains unchanged, the temperature, at which 
a liquid begins to boil, remains stationary until the whole of the 
liquid is converted into vapour. 

(d) To convert unit mass of a liquid into vapour without any 
change of temperature. a definite quantity of heat, known as the latent 
heat of vaporisation of the liquid, is required. 

81, Determination of Height by Boiling Points (Hypsometry)— 
When a liquid boils, its vapour pressure is equal to the superin- 
cumbent pressure. The boiling point of water is conveniently 
determined at any place by means of a hypsometer. The corresponding 
saturated vapour pressure is obtained from Regnault's table and herce 
the atmospheric pressure at the place is found. The difference 
between the atmosperic pressures at two stations can be thus deter- 
mined ; but this difference is equal to the weight of vertical column 
of air of unit cross-section and of height equal to the difference of 
altitudes between the two stations The Pressure and the temperature 
of the air column are not uniform throughout but may be taken to be 


for they do not differ much. 
Let the difference of altitudes between the two'stations be =H em. 
+ abmosphetic pressure at the lower Station=P, om. of m 
atmosphetic pressure at upper station =P, cm. of mercury 
and the temperarures at the two Stations =¢,, ta respectively. 
Then the difference of pressures between the two Stations 


=(P,—P,) em. of mereury. 
—P say, 


ercury 


se the mean pressure= 


Pi +P, 
2 


Also the mean temperature c tta Say. 
The density of air at N.T.P. 20001993 gm. per ec, It P be the 
mean genns at pressure P and temperature t, 


a IE RE UO. 0001993 x 273 P 
PX(t+273) 0001393x273" Whence p= 76. RENS 


^. the weight of H c.c. of air of mean density P 
ma 0001293 x 273 x 981 x HP 


76 t+273° 
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As this is equal to the weight of a column of mercury of unit 
cross-section and of height (Pi — P3) em, we readily obtain 
(P, — P5) X 186 X981 0:001293x973X98:., HP 


^ 16 ( ar A 
, ‘ ___18'6X76 P,—P.)¢+273 

h timetres H= —— —————— x 
"whence in centimetres 973 x 0001993 P N 


+82, Molecular States of Matter— According to the molecular 
theory of matter, a vapour is considered to contain gronps of small 
aggregation of molecules. These groups move about like single 
molecule but with relatively low velocities. With lowering of tempera~ 
ture the number of these groups per unit volume increases and 
ultimately they may coalesce into a liquid drop, 

In a liquid there are groups which are composed of a larger num- 
ber of molecules. A molecules in the liquid state, therefore, moves 
with a velocity smaller than that of a molecule of its vapour at the 
same temperature, In a solid the heavy groups lose even the small 
linear velocity they had in the liquid state andconsequently have fixed 
positions relative to other groups of molecules, They can only 
oscillate over a small distance about their normal positions of rest. 
When the groups are arranged in a regular array, the form of the solid 
is crystalline, and where irregular, it is amorphous, 

Effect of Heat—When a solid is heated, the molecular groups 
take up the heat energy and vibrate more violently about their mean 
positions, The heat supplies the consequent increase in the kinetic 
energy of the molecules. 

With rise in temperature the average energy of vibration of the 
groups goes on increasing, till at a cortain temperature some of the 
groups begin to detach themselves from the adjacent groups, break 
up and form into liquid type molecular groups. Fusion now sets in 
and any further supply of heat energy is utilised in breaking the 
groups, Hence during fusion the temperature remains constant. If 
the body be crystalline, the groups begin to break up at a definite 
temperature which gives & definite melting point of such a solid ; 
‘but in an amorphous state the loosely-held molecules are detached 
at a temperature lower than that of the more regular or more closely 
packed ones and hence in such a substance the melting begins at one 
temperature and completed at some little higher temperature. 

The energy of motion of some of the groups may occasionally 
increase so much that they may overcome the attraction of the 
adjacent molecules and escape from the liquid surface; this explains 
evaporation. As the molecules with the highest kinetic energy 
leave the liquid, the mean kinetic energy of the remaining molecules 
decreases to some extent and so the temperature of the liquid some- 
what fails. This explains the cooling produced by evaporation. 

Evaporation increases with rise of temperature. With further 
supply of heat the gas moleceles increase in energy 80 much that they 
escape as bubbles from the liquid. Boiling begins at this stage. The 
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temperature, st which this occurs, depends on the nature and 
aggregation of the gas molecules. Hence for a particular liquid under 
assigned conditions boiling occurs at a definite temperature called ‘the 
boiling point. 


Any further supply of heat energy is utilised in breaking up the 
liquid groups into similar gas molecules ; the temperature, therefore, 
remains constant at the boiling point solong as boiling continues, The 
kinetic energy of the gaseous molecules is far greater than the kinetie 
energy of the molecules in the liquid groups at the boiling point ; this 
excess of energy, supplied by the heat absorbed while boiling is going 
on, appears at the latent heat of vaporisation. 


Tf evaporation takes place in a closed space, there would be constant 
interchange of molecules between the vapour and the liquid. Some 
gas molecules at that stage leave the liquid surface and move about in 
the space above and while moving towards the liquid, some of these 
may becaught back into it. The rate of escape of the molecules 
depends on the temperature, while the number of molecules per unit 
volume in the space above the liquid depends on pressure. 


If at first the space contains little or no vapour, the number of 
molecules leaving the liquid must exceed the number of molecules re- 
entering the liquid per unit time, But the latter increases relatively 
as the quantity of vapour in the space increases, until finally as many 
molecules re-enter the liquid per second as leave the liquid. At this 
stage number of vapour molecule per unit volume of the space 
remains the same. The espace is then said to be saturated with the 
vapour; the pressure of the vapour is now the saturated vapour 
pressure at the temperature, which remains constant so long as the 
temperature remains the same. A change of volume causes a corres- 
ponding change in the number of the molecules ; but the pressure 
opposes the escape of the gas molecules from the liquid. The kinetic 
energy of escpe being supplied in the form of heat, more heat energy 
is now necessary. This explains the rise of the boiling point under 
increased prossure, 

It stands to reason, therefore, that a liquid contains & small 
portion of the free gas molecules, whereas a gas contains a smaller 
number of liquid type group molecules. The critical temperature 
may be defined as the temperature a& which aliquid and its vapour can 
simultaneously exist in all proportions, 


EXERCISES ON CHAPTER VI 
Bofetence 
Art. 61 l. Two bitsof the ice being pressed together from one wats. 
Explain, (V. U.—1955 ; C. U.—1953, '60) 
Art. 61 2. Write a short note on regelation, 
(V, U.—1954) 
8. How can you demonstrate that pressure changes the 
61472 melting of a body and that evaporation n cold ? f 


(Utkal. U.—1902) 


CHANGE OF STATE 


4. Write short notes on freezing mixtures and ice-making 
machine. 

5. State the Jaws of fusion of a substance, 

(Mad. U.—1959, 71) 

6. Distinguish between boiling and evaporation, What 
condition determines whether a liquid will boil or evaporate ? 

(Gau. U.—1965 ; O. U.—1950; P. U.—1961 ; 
Dac, U.—1957 ; Pat. U.— 1951, '04. '72) 

T. Dofine boiling point of liquid, Deseribe carefully how 
the maximum tension of aqueous vapour js determined for 
temperatures below ‘and above the norma! boiling point. 

(Gau. U.—1967 ; Del. U —1968) 

B. Whatare the points of distinction between evaporation 
and ebullition ? Define vapour tension of s liquid. 

A glass cylinder is provided with an air-tight piston and 
contains inside some satarated water vapour st 90'0, State 
and explain what will happen whon (a) the temperature 
ralsed to 8070, the piston remaining in position ; (b) 
temperature is lowered to 10°0, the volume remaining un- 
altered ; (c) the piston is raised up, the temperature baing kept 
constant ; and (d) the piston is lowered down, the temporaturo 


boing unaltered. (Utkal, U.—1969) 
9. Write a uote on the behaviour of vapour towards 
Boyle’s and Obarle's laws of gases. (Raj. U.—1968) 
10. State and explain the warlous factors that influence 
tho rate of evaporation of water. (Mad. U.—1970) 


11. Explain saturation vapour prossure of a liquid. 
Tod U.—1972 ; Mad. U.—1969) 

13. Saturated with water vapour at £0°O, a quantity of air 
oxorts a prossure of 740m. of mercury when its volume is 
900 o.c., and a pressure of 116'6cm. when its volume in 195 0.0., 
tho tomperatare remaining constant. Oaloulate tho pressure 
exorted by the vapour. 

Ans, 90mm, 

13, Over water & g^ is collected im 100 c.c. tube and 
messures 72:8 0.0. ; tho temperature and tho pressure of the 
atmospbore at the time are 26°O «nd 74°89 em, respectively. 
Qelculnta the volume of the dry gan at N. T. P, (Tho vapour 
pressure of water at 950 is 2349 mm. and the density of 


Ans. 6151 c.0, 
14. Distinguish — between saturated) and uneatorated 


(Del. H. B.—1994 ; Pat, U —1961, 74 : O. U,—1901, 
Gai 


15. Enunciate and explain Dalton's law of rtial pressure, 
Pat. U.—1970) 

16. (a) Why is it unwise to sitina dravgbt with wot 
clothes o) 1 — " P id —1947. Cf. D 
d n why earthen ware mep water cooler 
than mat pots. 3 (V. U.—1955) 
41. Explain why tho reading of a thermometer is altered 
when wrapping a wet rag round its bulb. (C. U.—1948) 

18. Write a note on Wollasion's eryophorus, 

(Pat. U.—1965) 
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Reference: 


Arts. 
62 & 72 
Art, 63° 


Art. 64 


Arts. 
66 & 68 
Art. 65 


Art. 66 


Arta, 
67 & 68 


Arta. 
66 & 69 


Art. 69 


Art, 70° 


Art, 72 


Art, 72° 
Art. 72° 
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Reference 
Art. 73 


Art. 77 


Art. 76 


Arta, 
76 & 78 


Art. 77 


Arts. 
78 & 80 


Art. 79. 


Art, 76 


Art. 79 
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lain the principle, construction and working of an 
ico Pr Nea N a ES (eeu Ines ; E. P, U.—1972) 
0. Define boiling point of a liquid. Deseribe suitable ex- 
m eem to show that water can be made to boil at temperatures 
greater or less than 100°C. 
At Darjeeling the barometric height is on average 23 inehos. 
If there is a change of '04*O in the boiling point of water fora 
change of 1 mm. of Hg. at what temperature will water boil 
there ? (Dac. U.—1969) 
Ans. 9297'C. 


T ite a short note on Papin's digester. 
AEN (E. P. U.—1963 ; Pat. U.—1965) 
22. Describe an experiment to show that the vaponr pressure 
ofa liquid exposed to air at its boiling point is equal te the 
atmospheric pressure. (Gau. U.—1968) 
23. Define boiling point of a liquid. Describe suitable 


experiments to show that water can be made to boil at temperature 
greater or less than 100°C, 


24. A flask is half-filled with water and heated till the water 
boils. After a short time when the upper part of the flask is filled 


( Pat, U.—1965 ; Del.U .—1963) 

26, Describe Ramsay and Young's apparatus and explain 
how it is used for Measuring saturation vapour pressures at 
various temperaturo, (Nag. U.—1964) 


27, Describe an accurate method of determining the pressure 
of saturated vapour at different temperatures, 

The pressure of the saturated vapour of water at 50°C is 9'2 om. 
of mercury and itis found that under a pressure of 92 em. of 
mercury water boils at 50°C, Explain fully the relation expressed 
in the statesment. (Utkal. U.—1964) 


98. How would yon determine the maximum pressure of 
aqueous vapour batween 0°O and 100*Q » 
(Utkal U.—1964 ; Pat, U.—1967 ; ©. U.—1957 ; Dac. U —1951 ; 
Gau, U.—1952; Mad. U.—1959) 
29. Describe how you will measure the Saturated vapour 
Pressure of water at the rocm temperature, (C. U.—1959) 
30. Explain how you are able to determine (approximately) 
the height of a mountain by finding the boiling points of water 
at its top and bottom, (C. U.—1955 | Pat. U,— 1963) 
91. What is the fundamental difference between a solid 
anda liquid ? Paraffin wax is said to be a soft solid, and sealing 
wax a viscous fluid. In: what does the distinction beiween the 
two consist ? (Gau. U.—1965) 


CHAPTER VII 
HYGROMETRY 


83. Water Vapour in the Atmosphere—As evaporation conti- 
nuously goes on from all water surfaces (such as those of seas, rivers, 
lakes, etc), there is always some aqueous vapour present in the atmos- 
phere. The exterior of a tumbler containing iced water gets moistafter 
some time, This is due to the condensation of water vapour of the 
atmosphere on the tumbler. The formation of dew, mist, cloud, rain, 
otc., also indicates the presence of water vapour in the atmosphere, 
The study and measurement of the quantity of aqueous vapour in the 
atmosphere is called hygrometry. 


84, Dew Point—Air is not ordinarily saturated with water vapour. 
If moist air in open space is gradually cooled, the pressure of the moist 
air at the region falls bellow that of the neighbouring atmosphere 
which is at the ordinary temperture. Hence moist air from surroun- 
ding places comes up to the space in order to equalise the pressure, 
As the cooling proceeds, a temperature is ultimately reached, at which 
the moisture accumulated at the region is just sufficient to saturate 
the space, pressure remaining unchenged. The temperature is called 
the dew point. If the temperature is slightly lowered below the dew 
point, some of the vapour is condensed and is deposited as dew, 
Hence the dew point is the temperature at which a given mass of air 
becomes just saturated with the quantity of aqueous vapour actually 
present in st. Also it follows that the pressure of the aqueons vapour 
actually present in sir at the ordinary temperature is equal to the 
saturated vapour pressure at the dew point at that time, The 
statement ‘The dew point of the atmosphere is 23°C at some time", 
means that the amount of water vapour present in a given volume of 
air at that time would just saturate the air at 23 C. 

85, Relative Humidity (or Hygrometric State of the Air)— 
Humidity gives us information about the smount of aqueous vapour 
present in the atmosphere at some particular time. 

Absolute humidity is defined as the quantity of aqueous vapour 
actually present in a given valume of tho atmospheric air. It is usually 
expressed in grammes per cubic metre of air. 

Relative humidity is defined ss the ratio of the mass of aqueous. 
yapour actually present in a given volume of air to the mass of water 
vapour required to saturate the volume at the observed temperature, 
So relative humidity gives the degree of saturation of the atmosphere 
as regards moisture. It is, therefore, termed the hygrometric state 
or fraction of saturation of the sir. 

Hence relative humidity 
. massofaqueous vapour actually present inagivenvolumeof airatt°O 
~ mass of aqueous vapourrequired to saturate the same volume at 490, 
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But since unsaturated vapour present in a given volume of air 
obeys Boyle's Law, the pressure exerted by the vapour is nearly 
proportional to the mass of the vapour present. So the ratio 
between the two masses of vaponr may be taken to equal the ratio of 
the corresponding vapour pressures, Hence relative humidity may 
be alternatively defined as the ratio of the pressure of the aqueous 
vapour actually present in the atmoshpere to the saturated vapour 
pressure at the temperature of the air. That is to say, 

Relative Humidity 

_ pressure of aqueous vapour actually present in sir at t°C 

pressure of aqueous vapour required to saturate the air at t°C. 


— Saturated vapour pressure at the dew point at the time 
saturated vapour pressure at the temperature of the air 
Relative humidity 1s, however,generally expressed.as the percentage 
saturation of air. In this case it is expressed as a ratio, viz., s 
= Saturated vapour pressure s dew point 100 per vend, 
saturated vapour pressure at air temperature 
Let the saturated vapour atthe dew point be f and that at the 
temperature of air be F, we thus write : 


Relative humidity -( 100x 4) per cent, 


The feeling of dampness or dryness of air depends on the relative 
humidity, It does not, therefore, depend on the absolute quantity 
of water vapour actually present or on the quantity necessary to 
saturate the sir under given conditions ; but what it depends on is the 
ratio of the former quantity to the latter. Thus on a misty winter day 
the quantity of vapour in a given volume of air may beless than that 
on a hot summer day when the air appears to be dry. This is so 
because the amount of aqueous vapour present on the latter occasion 
isa smaller fraction of amount necessary to saturate the space. 

Again, the lower is the value of the relative humidity. the more 
rapid is the evaporation; hence the dampness or dryness of the air 
is judged by the rate of evaporation at the lime, A very moist day in 
summer feels much more uncomfortable than a dry day. Since in the 
former case the atmosphere is nearly saturated with water vapour 
producing a stuffy sensation, When the relative humidity is low, the 
atmosphere consumes the water vapour more rapidly, It is for this 
reason that in our country a damp cloth dries more rapidly in winter 
wa in summer. ; 

o forecast weather relative humidity is determine day to 
‘day at meteorological stations. When the relative Paice high we 
May expect rain. For safe navigation a knowledge of the actual 
atmospheric condition and a forecast for immediate future are essential 
now-a-days to pilots of seroplanes. Information about irelative 
humidity 1s necessary, for the Public Health Department, as germs 
fcertrin diseases multiply well in moist atmosphere, For the growth 
Of plants, supply of moisture ia to be regulated in hot houses, The 


=a aai 
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knowledge is also ofimportance for textile industries, In spinning 
rooms elaborate arrangements are made to maintain artificially a 
uniform degree of dampness. At the cold storage of meat and fruit, in 
the holds of ship and also in artificial seasoning of timbers a success- 
1ul control of humidity is needed. 


Hygrometers (Gr. hygros, wet ; metron, a measure) are instru- 
ments for determining the humidity of the air at any particular time 
and place. According to the principles upon which they work hygro- 
meters are divided into four classes :— 


(1) Dew point Hygrometer, (2) Chemical Hygrometer. 
(3) Wet and Dry Bulb Hygrometer, and (4) Hair Hygrometer. 


86. Dew point Hygrometers (Condensation Hygrometer)—One 
of these instruments directly determines the dew point, The ratio 
ofthe saturated vapour pressure at the dew point to that at the 
atmospheric temperature gives the relative humidity. 


Daniell's Hygrometer—It consists of two glase bulb A snd B 
(Big. ^9 which is connected by a glass tube bent twice at right angles 
and mounted on a vervical stand so that the bulbs project downwards. 
The instrument contains only ether and ether vapour, all the air 
having been removed before the apparatus is finally sealed In order to 
observe clearly the deposition of any dew on the surface of the bulb A, 
‘either it is blackened from inside or else a gilt band is fastened over 
the surface near the middle. Mounted inside A, 
there is placed a sensitive thermometer T. The 
thermometer T, mounted on the stem of the 
instrument gives temperature of the outside. 

In using this instrument all the ether is js 
at first transferred into the bulb A by tilting -f 
the apparatus and m piece of muslin or linen ‘i 
is wrapped round B. Ether is then poured 
drop by drop on the linen. As the ether 4 e 
evaporates, it takes the necessary hoat from the T í 
bulb B and cools it rapidly. Consequently the ge cv 
ether vapour in B is condensed ; this causes a Fig 59— Daniel's 
rapid evaporation. of the ether in A. The tem- Hygromoter 
perature of this ether, and hence that of the 
bulb A, gradually decreases so long asthe linen iskeptmoist with ether. 
Also the mass of the air surrounding the bulb A falls in temperature 
and ultimately. thin film of dew forms on the bulb ; this makes the 
surface of A appear dull, The temperature, at which the dew just 
appears, is read from T. . The spilling of ether is discontinued and 
the linen is allowed to dry up. The bulb A warms up and the tempe- 
rature, at which the dew just disappears, is noted. The mean of these 
‘wo temperatures is taken as the dew point at the time. Observation 
should be made either by a telescope or through an intervening plate 

.of glass, in order that the heat of the body of the observer or his 
breath might not distrurb the deposit of dew on the instrument. 
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Sources of Error: 


i laco from the upper surface of the ether in A and as 
L periit beni the SUE UM of the ether ‘is nof uniform 
writ f th taido surface of A 
oingabad conductor, the temperature o! 6 outsi 

Reo Vierte D take up that of the Pikes the bulb. 

(8) Neither the appearance nor the disappearance of dew can be exactly 
ascertained. 

(4) The rate of evaporation of the ether in A, and hence tho cooling of the 
bulb, cannot be controlled at will. 


5) Owing to tho proximity of the observer the temperature of tho snrface of A. 
PRY I apean state of tbo air at the place may be altered by the breath 
of, and the host from the body of the observer. 


(6) The presence of ^ large quantity of othor vapour in the surrounding air is 
aluo objectionable, since it is likely to affeet tho hygrometric atate. 


(T) When tho siris hot and dry, it is dificult to got indications with tho 
instrument and a large quantity of other is wasted for the purpose. 


87, Regnault's Hygrometer—It essentially consists ofa wide 
tost tube G (Fig. 60), &he lower part 8 of which is thimble of a thinand 
polished silver sheet whereas the 
upper part is glass. The mouth 
of the tube is closed by a cork, 
through which a sensitive therm- 
meter T, and a piece of glase 
tubing @ sre inserted, both reach- 
ing almost to the bottom of G. A 
short side tube is sealed near 
about the top G and is connec- 
ted to a vertical brass tube b 
which is connected through a 
rubber tube cto an aspirator A 
filled with water. Similar to G, 
second tube B is attached to the 
seme vertical tube b ; its surface 
is used for the sake of comparison, 
while the thermometer Ts, placed 
Fig. 60—Rognault's Hygrometer in it, merely records the tempera- 

ture of the air in the room. 


Tn using the instrament, Gis partly filled with ether, so that the 
lower end of aand the bulb of the thermometer T, are well within 
the ether. The aspirator is opened ; as water goes out, there is sucked 
a current of air which bubbles through the ether and thus causes it to 
evaporate rapidly. The liquid, therefore, gradually falls in temperature 
and as it is automatically stirred by the sir bubbles, it attains uniform 
temperature throughout the mass. Further, as silver is a very good 
conductor and the sheet is very thin, the temperature attained by 
the silver surface, both inside and outside, is practically the same. 
The liquid, the silver surface and the layer of air surrounding it gra~ 
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dually cools down. Ultimately the moisture in the air is condensed 
on the bright silver surface. The appearance of dew as indicated by 
loss of brilliancy of the surface of S in contrast to that of 8' is 
observed from a distance by a telescope and the temperature, ab which 
the dew just appears, is noted from T,. The aspirator is stopped 
whereupon the apparatus warms up slowly and the temperature, at 
which the dew just disappears is noted again, Of these two tempera” 
tures the mean is taken as the dew point at the time. 

To find the relative humidity (R. H.) the saturated vapour 
pressure f at the dew point, and F that at the room temperature 


are read off from Regnault's%table ; then R. H,= Ix 100 per cent. 

Advantages of Regnault's Hygrometer ;— 

(1) As the liquid is continuously stirred by the air bubbles, the temperature 
throughout the mass ia nniform. 4 

(3) As silver is a very good conductor, the temperature of silver surface is 
practically the same as that of ether. 

(8) Tho change in the brightness of the two tubes greatly facilitates the obsere 
vation of the appearance and disappearance of dew. 

(4) As the rate of evaporation can be altored by regulating {the aspirator, tho 
rate of cooling can be controlled. Buccessive observations can thai be made at 
desired intervala. , 

(5) Aa the observation. is made from a Aistance, the breath of or hent from tho 
the body of the observer does not affect tho hygromotric state of thealr in the 
neighbourhood of the tubes. 

(6) As the ether vapour is carried fato the aspirator, it cannot affect the relativa 
humidity. 


Examples : 


1. Thad int ona cortain day was 20:9*0, and the temperature of the air 
was 28 60. Onloniate tho relative humidity, taking the necessary Tata T AT Dex 
ipe don pinum at 300 is 1008 m. 

jj he table we find that satura! pressure à mm. 
ond itae ML i 49°76 mm. So for 1°C the variation ot prossuro {x 1'14 mm. 
Hence for a variation of 02°0, by Eua the law of proportion the variation 


mm, = 18'85 mm. 
Again, at 28°C the saturation pressure 29°04 mm. and at oC it is 


8154 mm. 
Hence for asimilar reasoning, at 98'6'0 the saturation pressuro=2000 mm. 


85 - 
V the Qosirod R. He (7328 X100 )worx. 


hon the temperature 
9, What is the relative bumidity of the alr on à day w. 
in 16 0and the dew point is 76°C? (Givon that manman v puerum 


watarat7"O is 7'5 mm.; maximum val oF 
water i 5 mm. 
k dd i (Nag. U.—1954] 


maximum vaponr prossure 
variat turation pressure botwoen T'O and $*C is=(8—7'5) 
Nu E^ rmt p" ‘aw el proportion, the variation for O'l'O is 
005 mm. and for 0'6°C is 03 mm. ; 
Pt, 1|H.—9 À 
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^. the saturation pressure at the dew point=(7°5+'03)=7'53 mm, 
YS - 

Thus the required R. H. (Dx 100 y 67°19. 

"88. Chemical Hygrometer  ( Absorption Hygrometer )—Tho 
mass of water vapour present in a given volume of air can be directly 
determined by this hygrometer and so the absolute humidity can be 
found by this process. The pressure of the vapour is calculated and 
the relative humidity also is determined. 


The apparatus consists of a large aspirator ( Fig. 61 ) filled with 
water and connected with a system of U-tubes through the ‘trap’ 
bottle. The U-tuhes contain either lumps of freshly fused calcium 
chloride or else pieces of pumice stone soaked in strong sulphuric acid, 
whereas the trap bottle contains strong sulphuric acid. Short 
pieces of India rubber tubing make all the connections air-tight, 
Together with their contents the drying U-tubes are carefully weighed 
before the experiment is started. 


_ The aspirator is opened whereupon water escapes and air is sucked 
through the system of U-tubes, The moisture of the air is absorbed 
by the drying tubes, while any moisture rising from the water in the 
aspirator is absorbed in the ‘trap’ bottle. The experiment being 
carried on for some time, the aspirator is closed and the drying tubes 
are disconnected and weighed again. The increase in the weight gives 


: Fig. 61—Chemical Hygrometer 


the mass of aqueous vapour i i i 
e present in the volume of air dr. Í 
this equals the volume of water that has flown out. "Bub the até 


becomes Saturated with moisture when it come 
within the aspirator, The temperatures of t 
the aspirator are noted. 


Let the mass of the aqueous vapour absorbed he = 
» volume of the air drawn in š 4 e 2 oP 
» temperature of air inside =10, " 
( » pressure of aqueous vapour —f mn 
and » atmospheric pressure at the time =" RR. i 


s in contact with water 
he air outside and inside 


” » 
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Since the density of aqueous vapour relative to air is 0622 and 
the density of dry air at N.T.P. is 0001293 gm. per c.c, we find that: 
the density of aq. vapour ab N.T.P. —(0622 x 0001993) gm, per c.c. 

Let the density of aqueous vapour at pressure f and temperature 
tbe=d gm. per c. c. 


, doc m 760 
From Boyle's Law, (E978) 0001398 x 0032 X 373 
=X 0001293 x 0629 x 273 . 
whence d — — TeNPESTS) CS (...88.1) 


As d —m/V, it can be obtained from the experiment, Hence f, the 
pressure of the vapour actually present, is known from eqn. (881) and 


is given by 


780 
Sel = à 
f D00129 x0622 x115 t+273)d mm. 34602(1--973) mm 


If as found from Regnault's Tables, the saturated vapour pressure 
àt tO be F then: 


; louis 760 m(i-- 973) 
Relative Humidity = =" Gy Se X0002X 373  — VF 
93460mfít--973) 4 
= VE 4 ...(88') 


To obtain the relative humidity as percentage, the above expression 
isto be multiplied by 100. To find the absolute humidity take the 
ratio of m and T/1000000... Thus the ratio gives the amount of water 
{in gm.) present in a cubic metre of air. 

It is to be noted that the temperature of the air outside may be 
different from that of air inside the aspirator. Also the atmospheric 
air is generally unsaturated, while that within the aspirator gets 
saturated. So the pressure of the vapour, and hence that of the dry 
air, inside or outside, would not be the samo. But as the 
differences mentioned are very small, they are not generally taken 


account of, 


Example ¢ 

of air of 25°O was drawn in through a chemical hygrometer and 
iias Bere waa deposited in the tubes. What Js tho relative humidity of the 
air? Thomaximum pressure of water vapourat 925 O is 49:59 mm. "The mass of 
llitreof dry airat N.T.P. is 1293 gm. The density of water vapour relativo to 
dry air is 0625.) (Pat. U.—1955] 
Ans. Since in moist airihe volume of ‘water vapourin the same as that of 
dry air, we can astamo thata cubic metro of water vapour at 25°C bas a mass of 

11:22 gm, Bo at 25°O the density p of water vaponr is given by 


pace gm. [0.0.= 11°22 x 107* gm.fc.c. 
At95'0 this water vapour bas a saturation pressure of 93°52 mm. Again 
the mags of 1 c.c. of dry sirat N, T. P —'001298 gu. Hence the mass of 1c.c, 


of water vapour at N.T. P.=('001293x'625) gm. which is its density, To find 
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the actual pressure fof water vapour at 25'0 we apply Charles’ and Boyle’s Laws 
in the following equation ; 
f à [^W 
1122x107" x(25--278) 001298 x 625 x 278' 
whence f= 7601122 x 107*x298 , 
“001298 x *625 x 218 
Now at 25°C the saturation pressure F of water vapour=23'52 mm, 


Es 160: 11:33 x 10-* x 298 
Whence the R. H. 2100x357 100X 5. 001293 x G95 x 273 


Below we proceed to calculate by Log-Table : 
' \ Jog 760 =28808 | log 00199; =3°1116 


log 11°22 —1'0500 | log 695 — —1'7259 274050 
07152 
log. 107* —6'0000 | log 973 HU. 1 009B 
log 998 =9'4749 | log 28°52 Antilog 16898 
=48'9 


log 100  —2'0000 


89, The Wet and Dry Bulb Hygrometer— 
(Psychrometer or Manson's Hygrometer)—It consists of 
two exactly similar mereury thermometers (Fig. 62), 
mounted vertically side by side on the same board 
with their bulbs freely exposed to air. One thermo- 
meter gives the temperature of the air; the bulb of 
the other is. covered with muslin, which is kept conti- 
nuously moistened with water by means of a cotton 
wick dipped into water which is kept in a small 
attached vessel, 


As water evaporates from the muslin, the tempera 
ture indicated by the wet bulb thermometer is lower 
than that of the dry bulbone. The difference in the 
readings depends on the hygrometric state of the air. 
For example, on a very dry day evaporation would be 
very rapid and so the difference in the readings 
increases, whereas on a damp day evaporation, would 
be slow and the difference decreases. Ifthe atmos- 
pheré is already saturated, no evaporation takes place 
and the two thermometers record the same reading. ` 


. The relative humidity can be determined by obtain» 
ing:the dew point with help of Glaisher's factor. 

Let temperatures recorded by ‘the dry and the wet 
bulb thermometers be i, and ża respectively. 

The temperature of the dew point at the time=t. 
. . Then from Glaisher's formula we find t, —4— F(&s ts) ^ ...(89.1) 
where F is the Glaisher's factor. 


- 


= 
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i Tho dew point is thus found, The saturated pressures at t and tis 
being readoff from Regnault’s table, the relative humidityis calculated. 
Dry Bulb and Wet Bulb Thermometers 


Dry Bulb Glaisher's | Dry Bulb Glaisher's | Dry Bulb Glaisher's | 
Temp (in °C) Factor  |Temp. (in°C) Factor {Temp (in*O) et 


4 782 il 2°02 24 1°72 
5 7:28 12 1:99 26 1:69 
6 662 14 192 28 167 
T 577 16 187 30 165 
8 4:92 18 1:33 82 1:68 
9 4°04 20 179 34 16i 
10 2 26 22 176 36 |. 159.5 


90. Hair Hygrometer—The apparatus consists of a human hair 
fixed at a point A of the instrument and stretched over three small 
pulleys B, O'and D (Fig. 63). Then the hair is wound a few turns 
over a revolving small drum E snd is finally fastened to the end of a 
light spring SF. A pointer P fixed to the drum E is movable over the 
graduated dial. ! 

With rise in atmospheric humidity the hair has a property of 
increasing continuously in length. Consequently when the hair 
elongates, the spring draws if further downwards. As a result the drum 
with its attached pointer rotates 
over the scale graduated im units of 
relative humidity. In practice, to 
obtain the required tension a strand 
of 90 to 30 fibres of hair is put toge- 
ther, Regarding the behaviour of 
human hair in humidity the following 
pieces of information are available 
from Griffith's investigations. 

With lapse of time the readings 
of a hair hygrometer tend to give 
higher readings. This is probably 
due to the fact that being always 
in tension due to the spring the 
hair gets a permanent set, The 
heir should be, however guarded 
against any "undue strain, From Fig. 68 
time to time the calibration of the ; 
instrument should be checked. A hair hygrometer has the advantage 
of being a direct reading instrument. It can be used at a temperature 
below the freezing point of water, where neither a dry bulb nor wet: 
bulb thermometer can work. . 

The above Table supplies the temperature of the dry bulb with 
the corresponding value of Glaisher’s factor.— 
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Example : 


At some hour tho readings of a Wet bulb and a Dry bulb hygrometer are 52°F 
and 58°F, Find the humidity, 


Ans. Dry bnlb temperature 1,—58'F-144"0, and Wet bulb temperature 
t,=52°F=11'1°0, Hence from equ. (89'1), 144 —/— G x 8:3. Now for 14*0, G=1'°92 
and for 16'0, G=1'87, Hence from a proportionate calculaticn it follows that 
G at 144"O is—191. Thus 144—/—191x33 or 144—£—063. Hence the 
dew point (—8'1'0. Now from Regnault's Table cf Saturated Vapour, the 
maximum vapour pressure at 8'1°O is 8'67 mm. and thatat 14°4°O is 191 mm, 


Thus tho relative humidity =( 100x f CT) % = 06195. 


91, Mass of the Moist Air—To find the mass ofa given volume 
of moist air find (1) the mass of dry air of the same volume at the 
. given temperature and at pressure due to air only and (2) the mass of 
an equal volume of aqueous vapour at the temperature and at pressure 
due to the vapour only. Their sum gives the required mass. 
Let the temperature of the atmosphere at the time be=?°O, 
the pressure of the'atmospherie sir =P mm. of mercury 
and the pressure of aqueous vapour actually present =f mm. 
From Dalton's Law, pressure due to air only=(P—f) n , 
Now the density of dry air at N, T. P. =0'001293 gm. 


.. Let the density of dry air at temperature i and pressure (P-f) be 
P gm. per. cc. 


] ' Bru 760 
From Charle's and Boyle's Laws, +973) 0 001293xa73° 
4 a 278. | P=f 
P-—('001293x 2. X P—f 
«s 9001298x Taa 760" 
~“. the mass (m, gm.) of 1 litre of dry air at pressure (P —/) and 
temperature /^Ü is given by 


m,71000x021:93x.270 y4P—f 


t+273 760 
Again the density of aqueous vapour with respect to air=0'622 
and the pressure dus to aqueous vapour alone — f. 


.. the mass (ma gm.) of 1 litre of aqueous vapour at pressure f 
and temperature t is given by 


m,-1993x0'68x 279 yf 


tt213 760 
.. the mass of one litre moist air at the. time=m +m, 

A 8S Ps 1 273 f 
= soap ot cde SE M 
1298 x oa * 500 traos x O'6aax T x 
4 273 1 

= bL em —YXp-— Wik 

i 1293 i973 X 7g X? £+0'622x /) 


à : 278... P—0'37 
1 71298 x 74973 XX expressed in grammes. tj 
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Example: 

1. Ona certain day the temperature of air is 23°C and the relative humidity is 

60%. What fraction of the mass of the water vapour in the air wonld condense, 

if the temperature decreases to 10°C? (Saturated pressure of water vapour at 23°0 

is 21'1 mm. and at 1070 it is 92 mm.). 

‘Ans. Lot the mass of water vapour present in given volume be m gm. 

Now relative humidity = mass of water vapour present (m) _ 60_3 

mass of vapour redd. to saturate 100 6 


the mass of aqueous vapour required to saturate at 23°0 is=mx > 


masa of water vapour required to saturate at 10°C 
1nass of water vapour required to saturate at 28°C 
saturated pressure at 10°C  9'2 
saturated pressure at 230 211" 
92.6. 


.', the masè of aqueous vapour required to saturate at 10°0 is= ar iX 3" 


=0'73 x m. 


Again, 


.'. the required fraction of condensation =1— 8-091 e a. 

2. Find the mass ofa litre of moist air at 80°O when tho barometer reads, 
158'6 mm, and the dew point is 161"0. At16'1°C the maximum pressure of water 
vapour=13'6 mm. of mercury, 

Ans. Pressure due io water vapour only=15'6 mm. of mercury. 

.. Pressure due to dry air alone =(758'6 — 13:6) mm. 745 mm. » 

Now mons of 1 litro of dry air at 30°C and 758'6 mm 

— mass of 1 litre of dry air at 80°O and at pressure 745 mm. 

-+mass of 1 litre of water vapour at 80°C and at prossure 19'6 mm. 

Now the volume of 1 litre of dry air at 30°C and 745 mm, when reduced 


to N. T. P. gn rong 
= (rios 1) litros. 
Also when reduced to N. T. P. the volume of 1 litre of aqueous vapour ati80°O 


and 13'6 mm. 


278 136 
"(rst nio ) mires. 
278 ,, 145 
a(r a S 11419 gm. 
= the mass of dry air (: 298 x 219 740) gm. = 1'1419 gm 
" " 979. 196 
and the mass of aqueous vapour contained (s 299 x *622 x 30 5% 160 ) gm, 


2070129 gm. 
c. the mass of 1 litre of moist airs (11419400129) gm. «11548 gm. 

92 Condensation of water Vapour in the Atmosphere— 
The water vapour given off from various water surfaces rises up in 
the atmosphere and remains mixed up with sir in a gaseous form. The 
different conditions, under which the condensation of water vapour 
takes place, give rise to the formation of dew, fog, mist cloud, rain, 
snow, frost or hail. When we exhale in winter, the warm water 
vapour gets condensed in the colder atmosphere and presents @ misty 
appearance, 

Dew—Daring day time the water vapour present in the atmos- 
phere remains unsaturated due to higher temperature and hence the 
presence of water yepour is not directly noticeable. During night the 
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warmth due to the sunis no longer present and the surface of the 
earth aswell as other objects fallin temperature. The layers of air 
very near the surface of earth cool and ultimately become saturated 
with the water vapour contained in it. If the cooling proceeds further, 
the air can nolonger hold the same amount of water vapour, a 
portion of which is, therefore, depositéd as dew on the surface of the 
cold bodies. 

Under the following conditions the deposit of dew is more 
copious, (1) There must be a clear sky, as this promotes radiation 
from the earth and objects lying on it; dus to this the surface of 
bodies quickly cool and so dew is rapidly formed on them, (2) There 
must he absence of wind, as in this case a particular layer of air may 
remain in contact with the cold objects for a sufficient time to be 
cooled below the dew point. (3) The bodies, on which dew is formed 
are to be (i) good radiators, as they would cool rapidly. and (ii) placed 
close to the earth. If the object is at a higher level, the air on getting 
slightly cooled due to contact sinks down and a warmer layer from 
above comes to its place. The result is that no layer of air, which 
comes in contact with the body, is sufficiently cooled to deposit its 
vapour as dew. For this reason dew is formed mostly on blades of 
grass and scarcely on leaves of trees. 


Fog : Mist—If the temperature falls to such an extent that mot 

only the objects on the surface of the earth but also the !whole mass 
ofair at or near its surface is cooled below the ‘saturation point, 
condensation takes place throughout a large mass of air in the lower 
regions on suspended dust and smoke particles and thereby gives rise to 
fog or mist. In hot countries it is usually formed during a still,cloudless 
winter night after a calm, warm day. A very dense mist is ordinarily 
called fog. Water is transparent: but owing to diffused. reflections 
from condensed globules of water a patch of fog appears opaque. 
X Fog may be formed on land as well as on water surfaces Land fog 
is formed when a mass of warm air becomes sufficiently cooled on 
coming in contact with the cold surface of the earth during morning, 
evening or night. In this case the fog gradually extends upwards and 
the condensation takes place on smoke and hygroscopic dust particles 
Serving as nuclei for condensation, When the surface of the earth 
is cooled by radiation at night, the air in Contact is cooled and some 
of the condensed vapour is deposited as dew, while some remain 
hanging in the air. In autumn or Winter, fog is offen seen on water 
surfaces. Here the water and also the layer of air just in contact 
with its Surface are warmer than the air above. Water vapour ig 
then given off in larger quantities and when airin a nearly saturated 
condition cools owing to contact with the cold air above, fog is 
formed. 

In large towns dense fog is due to the condensation of water 
Vapour on smoke and dust particles, although smoke does not cause 

the fog On some occasions the mist becomes very dense late at night 
and continues till the following morning. It is found that the day is 


ART. 99 HYGROMETRY $ 137 


‘warmer on such occasions. Owing to the warmth of the day greater 
evaporation takes place and deposits large mass of water vapour in 
the atmosphere. When the temperature falls by radiation, condensation 
takes place readily and a dense fog is formed, As the air warms up 
by the heat of the sun, it rises above the dew point; the condensed 
water particles, therefore, evaporate and the fog slowly disappears. 

Cloud—Clouds are mist formed high up in air. Charged with water 
vapour, large mass of warm air rises to higher levels and becomes 
cooled. The cooling may be brought about by contact with cold air 
above or on account of the expansion due to lowering of the pressure 
in the upper regions. If the temperature falls below the saturation 
point, the excess of moisture immediately condenses on floating 
dust particles as minute drops of water and becomes visible as clouds, 
Clouds may either remain almost stationary or be moving about with 
wind. In either case, however, the constituent particles are in constant 
motion among themselves. A cloud remains suspended in air, because 
while tending to fall down, the small particles enter into a warmer 
region and quickly evaporate. Again, as the mass of water vapour is 
in a state of going higher up due to buoyancy, it expands due to 
lowering of pressure. The expansion lowers the temperature of vapour 
to the condensation point so as to form cloud over again. Thus there 
is a constant vertical up-and-down motion of water vapour in the 
region of the clouds. 

Forms of Clouds—Varyiog with the conditions under which they 
are formed, clouds have a variety of forms and structure. The follow- 
ing classifications were made, and names given, by Luke Howard, 
London Chemist in 1803. j 

(1) Cirrus —These are fibrous or feather-like clouds of uniformly 
white colour occupying the highest region of at least 25,000 feet in 
the atmosphere. Owing to the very low temperature at the high 
altitudes, these are composed of particles of ice formed by the freezing 
of the constituent water drops. 

(9) Cumulus— These consist in extensive rounded masses, con- 
vex above and flat below, and resemble heaps of cotton wool When 
columns of warm, moist air rise to cold higher regions, they get 
condensed at the upper extremities, so that clouds are formed on the 
top of these columns at heights ranging between 5000 feet and 10,000 
feet above the earth’s surface. 

(3) Stratus—These are made up of extended horizontal sheets of 
grey colour, hanging low in the atmosphere at a height of abont 2,000 
feat. Characteristic of fine weather, these are formed due to conden- 
sation taking place at the regions of contact of layers of air at 
dilferent temperatures. 

(4) Nimbus—These are black rain clouds appearing like formless 
‘masses and with rugged edge at a height of about 1000 to 1500 feet, 

Rain—Whenever two fine droplets of water ina cloud come into 
contact; they coalesce to form a larger drop and fallidown as rain, 
As a drop falls. some of the vapour in different layers of air condenses 
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on the cold drop; the drop thus gradually growsin size as it falle 
down. In size and velocity of fall the rain drops vary. 


Rain Gauge—The amount of rainfall in a locality is measured by 
& simple instrument called a rain gauge. The form now , commonly in 
use and known as ‘Simon’s Bain-gauge' consists in its simplest form, 
of a funnel provided with a circular brass rim, exactly five inches in 
diameter and fitted to a cylindrical body which is joined to the _ base, 
The base is kept fixed to the foundation and the height of the rim of 
the funnel is one foot above the ground. The rain falling into the 
funnel collects into a bottle placed inside the cylinder and the 
quantity deposited during a period of observation is measured in a 
glass cylinder graduated to hundredths of an inch. An inch of rain 
that the water collects, would fill the depth of an inch within the 
cylinder with its base equal to the rim of the funnel. The annual 
rainfall at a locality is expressed in inches. A fall of one inch of rain 
Ona square yard of surface represents 4°69 gallons. The average 
annual rainfull in Bombay is nearly 45 inches and that at Cherrapunji 
is 100 inches. At the latter place we have the greatest amount of 
rainfall per annum. $ 


Sleet—If the falling rain freezes before it reaches the ground, it 
is called sleet. 

Hoar-frost—TIf the temperature of the surface of the earth and of 
adjacent objects fall below 0°C before the dew point is reached, the 
water vapour in contact with surfaces directy condenses into icy 
crystals which are deposited as fast as they are formed. This 
deposit is called frost or hoar-frost. Thus frost is not frozen dew 
but is formed directly by the freezing of the water vapour. Frost is 
injurious to plants. 

Snow—When condensation takes place at a height where the 
temperature is below 0°O, the water vapour directly condenses into: 
crystals of snow around the suspended nuclei, Being an aggregated 
form of snow flakes, the crystals fall to the ground as snow. These 
-crystals have a variety of forms and structures, 


Hail—Due to violent air current accompanying thunder-storms 
the condensed moisture in the upper region is carried up and down 
several times through regions of snow and rain. Owing to this 
half stones are formed with alcernate layers of white snow and clear 
ice. They may be various shapes and sizes and are more or less 


transparent. 
EXERCISES ON CHAPTER VII 
Reference 
Art. 81 l. Why does a glass tum5ler cloud over'on the outside whom 
ice-cold water is p3ured into it ? 
(C. U.—1949. '60 ; Dac, U.-1949 ; Pat.—U.—1903) 
Arti 2. Define ‘Relative 


Humidity’ and ‘Dew point’ and explaim 

84 & 85 how the determination of the dew point enables you to calculate the 
relative humidity at a particular place, 

(C. U.—1983 ; Mad. U.—1970 ; R. P, B.—1971; 

Pat. U,—1963,'65; Utkal. U.—1969 ; V. U.—1953) 
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3. The average temperatura of a summor day is much 
higher than that ofa winter ¢ay; but still a damp cloth dries 
more quickly on a winter day, Explain why. (All. U.—1969) 

4. The temperature of air in a closed space is observed to 
bo 15°C, and the dew pointis 8°C. Ifthe temperature falls to 
10°C, how will the dew point be affected 7 (P.essure of aqueous 
vapour in mm, of mercury at 7°O is 7°47 and at 8°C is 802), 

(Utkal U.—1964 ; Pat. U.—1971 ; Gau. U.—1969) 

Ans. Dew points 77570. 

5. A ho& dayin Puricauses groater discomfort than an 
equally hot day in Delhi. Why? (0. U.—1958) 

6. Defino relative humidity of air and state bow it can be 
determined by knowing the dew point and using a table of 
saturated pressure of aqueous vapour. 

(Pat. U.—1962; U. P. B.—1968) 

7. The temperature of air on a certain day 23°C and 
the relative humidity ia 55%. What fraction, of the mass of the 
wator vapour in the air would condense, if the temperature 
decrease to 10°C ? (At 23°C the saturated vapour pressure is 
211mm. ; at 1070, itis 9'2 mm.). 

Ans. 0'21. 

8. Describe a dew point hygrometer and explain the 
method of working it, What use is made of this instrument in 
weather forecasting ? (C. U.—1968 ; Mad. U.—1909). 

9. Explain what you mean by humidity. Describe any 
mothod of determing it. 

On a certain day the temperature of the air at a placa is 
17°C andthe dew point is 9", Find the relative humidity. 
‘Maximum vapour pressure of water at 12°O is 1°046 cm. of 
Hg. and at 1770 i: 1442 om.) (Dac, U.—1968) 

Ans. 72%. 

10. State what is meant by the term 'relative humidity’ 
and describe how its valua may be determined. 

(Nag. U—1968 ; U. P. B.—1962. Andhra U.—1970) 

11. What is meant by Regnault's Table of saturated 
pressure of aqueous vaponr ? Show how this table will enable 


you to determine the relative humidity of air, if the dow point 
is known, (C. U.—1964) 


19. The table bslow gives the maximum pressure of water 
vapour in mm. of mercury i— 


4°...6'L 10°... 91 
de: 1-0 12°... 9'1 
8^...8'0 14°...119 


Explain how these data have been obtained experimentally 
and find the actual pressure of water vepocr present ina room 
at 14°, when the dew point is found to be 5°. What is the 
relative humidity of the air in the room ? (Dac, U.—1961) 

Ans. 6'4 mm. ; 63%. 

18 Oneday when the temnerature of the air was 16'5°C., 
the dew point was found to be 12°C. Find the relative humidity. 

(Maximum vapour pressure of water at 19*0 is 1'046 cm. of 
Hg., at 16°O is 1:264 cm. of Hg. and at 17°C is 1442 cm. of Hg.) 

Ans. 74595 (approximately). 

14. Desoribe Regnault's Hygromoter and explain how you 
use it to determine relative humidity. 

(Nag. U.—1964 ; U. P. B.—1962) 
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Reference 
Art. 88. 


Art 85 


Art, 86 


Art, 85 


Art, 85: 


Art, 
. 86 & 8T 


Arta.” 
85 & 86 


Arta. 
85 & 86 


Art. 87 


Arte. 
79 & 86 


Art, 86 


Art, 87 
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Reference 
Arts. 

85, 87 

& 89 

Art. 89 


Art. 89 


Art. 91 


Art, 91 


Art. 92 
Art. 92 
Art, 92 
Art, 92 


Arts, 
AG to 90 
Art. 93 


Art. 92 
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15. Define ‘Relative Humidity’. Describe ^ Regnault's 
Hygromoter and the Wetand Dry bulb Hygrometer and point out 
their relative advantages. t (Mad. U.—1968) 


16. Define relative humidity. 


Describe a wet and dry bnlb hygrometer. How would you 
determine the rolative humldity with its help ? 

(Del. U.—1963 ; C U.—1958) 

17. Explain the use ofa wet bulb ard adry bulb thermo- 

meter. 5 (Mad. U.—1969) 


18. A cubic metre of air, the relative humidity of which is 
80%, is dried at atmcspheric pressure. Find the change in 
volume, if the atmospheric pressure is 765 mm, aud the tem- 
perature is 30°C (Max. pressure of water vapour at 80°C is 
32 mm.) 

Ans. 94x10? c.c. 


19. Caleulate what fraction of the mass of the water vapour 
jn air would condense, if the temperature of the air fell from 
20°0 to 5°C and if oricinally the humidity was 60%. (Saturation 
vapour pressure at 20°C is 17°5 mm, and at 5*0 is 6'5 mm.). 

(Mad. U.—1968) 
Ans. 381. 


20. :, Explain how dew is formed mostly on blades of grass and 


not on the leaves of trees. 
(Utkal. U.—1964 ; Pat. U.—1965) 
21. Cloudless nights are better for the formation of dew 
than cloudy ones. Explain. (U. P. B.—1970. ; Dac. U,—1959) 
22, Why does a morning fog generally disappear before 
noon ? (0. U.— 1960) 
23. Explain the formation of clouds. 
(0. U.—1962 ; U. P. B—1967) 
24, Write a short essay oa hygrometer, 
VET (U. P. B.—1958; B.H. U.—1961) 
25. Write a brief illustrative account of the nature and mode 
of formation ot clouds, fog and dew, Indicate the conditions that 


are favourable for their formation, (Utkal. U,—1962) 
26, Write a short note on Fog, (V. U.—1954) 


CHAPTER VIII 


TRANSMISSION OF HEAT 


93, Modes of Transmission.—There are three distinct processes 
by which heat may be transferred from one place to another. These 
are Conduction, Convection and Radiation. 

(1) Conduction is the process in which heat is transmitted from 
the hotter part of a body to the colder one or from one body to a colder. 
body in contact with it without any transference of material particles, 
For this process the agency of some material medium jis necessary. 
Heat is transmitted by conduction through solids. Ifone end ofa 
metal rod is held in a flame, the other end soon feels warm ; the end 
gradually gets hotter and ultimately becomes too hot to be held in 
hand, Consider the rod to be composed of layers of material particles, 
Here heat is first communicated to the particles of the rod in contact 
with the fire ; such particles transfer heat to the adjacent particles and 
these to the next layer of particles and so on by way of vibratory 
motion. In this way heat passes on from one end of the rod to 
the other. ) 

(2) Convection is the process in which heat is transferred from 
one point to another by actual movement of heated material particles 
from a region of higher temperature. to another of a lower tempera- 
ture. Liquids and gases are generally heated by the process of 
convection. Take a flask partly filled with 
water (Fig. 64) and drop a few crystals of 
potassium permanganate into the water; heat 
the flask at the bottom. A coloured stream of 
water is found to rise up from the bottom to 
the middle of the flask and then to diffuse 
back down the sides. The water at the bottom 
is heated first and being ligher, it rises up the 
middle, while from the top colder water comes 
down the sides to take its place. Two currents 
are thus set up in the mass of liquid,—an 
upward  eurrent through the middle and & 
downward current along the sides. These 
currents tend to heat the entire mass of the 
liquid indirectly and are, therefore, termed 
convection currents. Again, if we hold our 
hand above a flame, we feel hot. Being heated, the air in contact with 
the flame becomes lighter and rises up, while colder air from the sides 
rushes in to occupy the space vacated by the heated air. The cycle 
of operation is repeated and we gea continuouseurrent of heated air. 


Fig. 64 
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Radiation is the process in which heat cam pass from one point to 
another without the intervention of any material medium. It is by this 
process heat reaches us from the sun, although the vast space between 
4he sun and the atmosphere cf the earth is vacuous. Radiation is thus 
a distinct process. If we stand before fire, we feel hot. Heat reaches 
our body not by convection, for due to convection heated air rises 
upwards, while cold air rushes from the sides towards the fire. Nor 
has the heat reached by conduction, for air is a bad conductor and the 
éffect of the cold stream of air moving upwards would neutralise the 
outward transference of heat by conduction. In such eases, therefore. 
heat comes by radiation. 


‘94, Distinction between Conduction, Convection and Radia- 
tion—(1) In conduction and convection, heat is transmitted by means 
of material particles, while in radiation heat can pass through vacuum, 
In conduction heat passes from layer to layer without any transfe- 
rence of the particles of the body, while in convection the particles 
carrying heat actually move from one part to the other. Solids are 
heated by conduction, and fluids (liquids and gases) usually by 
convection, while the process of radiation involves a wave-motion 
through empty space. 


(2) Conduction and convection are slow processes, while radiation 
is an extremely quick process; heat radiation travels with a velocity 
equal to that of light. 


(3) In conduction and convection, heat is transmitted along any 
path, while in radiation heat travels in straight lines. Thus the direct 
heat of the sun can be obstructed by an umbrella and the heat of fire 
can be shut out by an intervening screen. 


‘ 95. Comparison of Conduetivities—The property of a substance, 
by virtue of which it can transmit heat by conduction, is known as 
conductivity. Not all substances possess this property to the same 
degree. Substances, e.g., metals, which readily conduct heat through 
them, are called good conductors, while those, e.g., glass. wool felt, 
gases, etc., which do not conduct so readily, are termed bad conductors. 
The conductivity of different solids can be roughly compared by the 
following experiment. 


Ingen-Hausz’ Experiment—The apparatus consists o; met 
trough T (Fig. 65) provided with a number of GER ab ees ;: 
number of rods a, b. ¢,...are fixed-exactly into these holes. The rode 
are ofthe same dimensions but of different materisls!such as brass, 
iron, copper, wood and glass). The rods extend slightly to the same 
distance into the trough and are all coated outside with paraffin wax. 
The trough is filled with water kept boiling by some heater, So one 
-nd of each rod is raised to the temperature of boiling water. While 
heat is conducted, temperature rises gradually to the melting point of 
parafin wax as indicated by the melting of wax over the rods. 
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When the steady state has been attained, it is found that wax has 

s melted over different distances along 
diiferent rods, the distanes being lerge 
in ease of copper and very small in the 
ease of wood or glass. This shows that 
the conducting powers are different for 
differ- nb substances, Theoretical 
considerations clearly show that the 
conductivity of a particular material is 
proportional to the square of the length 
over which wax has melted on the rod of 
the meterial, when the stationary tem- 
perature has been attained, This 
is a very ready method of comparing the thermal conductivites of 
different materials. 

96. Thermat Conductivty (Coefficient of Conductivity'—The 
thermal conductivity of material is the quantity of heat that flows 
in one second through a tnit area of a plate of the material of unii 
thickness, the difference of temperatures between the faces being únity 
and the flow of heat being normal to the faces. 

` Take a plate of some material with its pair of opposite parallel faces 
at different temperatures. No heat from any sides being assumed 
to he lost, all the heat will flow from the face at a higher temperature 
9, to the opposite face at & lower temperature 0s. The total quantity 
of heat Q flowing through the plate is then found to be directly 
proportional to A the srea of the plate, and to the time t in seconds 
but inversely proportional to d, the thickness of the plate. Thus, 

pee PEL APT) 

Q-k. AA (96.1) 
where k is a constant which depends solely on the nature of the 
material of the plate. 

If A=1 sq.cm 0,—05—1? ,t=1 sec, and d=1 em. Q becomes 
equal to Æ. The constart k is called the thermal conductivity of 
the material of the plate. This constant is a vector quantity, 


The quantity? 7 0 is called .: e temperature gradient or fall of 


tomperature per unit length, Hence the thermal conductivity of a 
substance may also be defined as the quantity of heat flowing in 
unit time through unit area o! any section of the substance, the 
temperature gradient normal to the section being 1° per unit length. 
97. Det-rmination of Thermal Conduetivity—Tho thermal 
conductivity of a good conductor can be readily determined by means 
of Searle's apparatus (Fig. 66). ABis a bar of the material, the 
thermal conductivity of which is to be found, So as to minimise loss 
of heat from its sides, the bar is covered with felt. The end A is 


144 INTERMEDIATE PHYSIOS OHAP. VID 


placed in a chamber, through which steam is passed, while round the 
other end a coil O of thin copper tubing is soldered, through which a 
steady flow of cold water is 
maintained. The tempera- 
tures 0, and. of the water 
at entrance and exit respec- 
tively are indicated by two 
thermometers. Two other 
thermometers are placed at 


a known distant apart into 1 LZ 
mereury contained in two 
grooves on AB. l 
By regulating the flow 
of water a steady state of Fig. 66=Seral’s Apparatus 


temperature is reached. 

Loss by radiation being neglected, the quantity of heat now flowing 
through any section is the same, so that the quantity of heat flowing 
into the barat the hot endis equal to the quantity flowing out, 
at the other, The quantity of water passing out in a given time is 
collected, the temperatures at the entrance and the exit being noted. 
Thus the quantity of heat absorbed by the water is found and this also 
gives the quantity of heat flowing through the bar during the. time. 

Let the cross-section of the har be-8 sq. cm, 

» length of the portion under observation =d em., 
» difference of the temperature at the two points =8,— 05, 
» time during which experiment is continued =¢ sec. 


» Quantity of water collected =m gm,. ; 
and » required thermal coductivity =k. 
Temperatures of water at the entrance and exit =0, and 0g, say- 


Then the quantity of heat flowing through the bar during the 
time is m(0,—0,). Also this quantity of heat = 804 -Palt (971) 


On equating, we can calculate b. Theunit of b in C. G. S is 


calorie per em. per^O per sec, (For other methods of measuring 
conductivities, vide volume III). 


The following Table supplies the thermal conductivities of various 
substances :— 


Thermal Conductivities 


< 

Substance Conduc- | Substance Conduc- Substance Conduc- 
tivity. tivity. tivity. 

(0. G. 8,) (0. G. 8.) (0. G. 8.) 

Aluminium | '49 Silver *97 Ebonite 4x107* 

Copper *92 Brass "26 Felt 9x107" 

Gold "70 Glass 2x 1078 Flannel 9°3 x 10-4 

Tron ‘14 Fireclay 4x10-4 Procelain 9:5x 107* 

Mercury. i Asbestos 6X10-* -| Rubber 46x 107* 


——— 
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98, Influence of Specific Heat on rate of rise of Temperature 
-—When one end of a rod is heated, its temperature gradually rises. 
By conduction from the previous heated layer each portion of the rod 
receives more heat than the quantity it transmits to the next layer; 
also it loses heat by radiation. Thus in this state each layer of the rod 
absorbs some heat which raises the temperature of the particular 
layer. The rod is now atthe variable state. But after some time 
the heat received by any layer becomes equal to the quantity 
transmitted to the next layer together with that which is lost by 
radiation from the p: cular layer. No further absortion of heat 
takes place and so no further rise of temperature occurs. This is 
called the stationary state. 

In the variable state the rate of rise of temperature at any section 
of the rod, that is to say, the quickness with which that section of 
the rod ig raised in temperature, depends not only on the thermal 
conductivity but also on the specific heat of the material of ihe rod. 
In the stationary state there is no further absorption of heat and so 
the flow of heat depends only on the thermal conductivity. 


Take a unit volume of the rod in the variable state of temperature, 
Let the density (i..¢., mass per unit volume) of the material be =P, 


» specific heat of the material =$, 
1, thermal conductivity exk, 
« rise of the temperature of the substance per second =p0, 


Thus k=the quantity of heat reaching unit volume per second = pst 
thermal conductivity 


Ps Fthemmial capacity per unit volume 


In other words, the rise of temperature of a unit volume of 
the rod is directly proportional to the thermal conductivity (hence 
to the quantity of heat reaching the volume) and inversely proportional 
to the thermal capacity per unit volume, i. e. (specific heat X density). 
The fraction k/ps is constant and determines the rate of rise of 
temperature of a given rod. This constant has been termed diffusivity 
by Kelvin and thermometric conductivity by Maxwell. r 

For a body of higher thermal capacity the rate of rise of 
temperature is slower. Hence during the variable state of a substances 
of low specific heat, the temperature may rise quickly to the steady 
point, although the conductivity may be less, For example, the 
thermal conductivity of iron is double that of lead, while the. specific 
heat of iron is about four times that of lead. If two rods of iron and 
lead of the same dimension be coated with paraffin wax and exposed at 
one end to the same temperature (as in Fig. 65), wax is found to 
melt first on tke lead rod ; but ultimately when the steady state is 
reached, the wax would melt upto a larger distance on the iron rod. 


Examples : 
1, An iron boiler, 1°25 om. thick, contains boiling water at atmospheric 
vessure. The heated surface is 2'5 sq. metres in area and the temperature of tha 


Pt. 1H/.—10 


e t=rate of rise of temp,= 


P 
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valde is 12070. If the thermal conductivity of iron be 0'2 and the latent heat 
2 S 536 calories per gm, find the mass of water evaporated per hour. 
Ans. Evidently the water in the boiler is at 100 0. 
Now 2:5 aq. metres — (25 x 104) sq. om. 
Tit the quantity of heat conducted per hour be Q calories. 
p Quon 25x jor ao- 100) x 60x 60. cal, by equ. (99, 1), 


=288 x 10° cal, 
8 
s. the required quantity of evaporated wator= 18510 gm. =537'3 kgm. 


9, Tha effective wall area of a room is 100 square metres. Find the rate of flow 
of heat through the walls of thickness 60 cm., when the temperature of the interior 
is 30° and that of exterior is 0°O. (Thermal conductivity of the material of the 
wall=0:002 C. G. 8.) (Mad, 17.—1901] 

Ans. Area of the walls=100 sq. m.=10" sq. cm. ; thickness — 60 om. ; tdiffo- 
rence of temperatures =30°0. ; thermal conductivity —0'002. 


j n 
Hence the desired quantity of heat q-? 002 s x80 cal/sec. 


=1000 cal./sec. 

9. A hollow cube of metal with inner sides 10 cm. and of thickness lom. ig 
filled with melting ice and kept surrounded by water at 100°0. How much ice 
will meltin an honr? (The conductivity of-metal=0'5 and latent heat of fusion 
of ice =80), 

Ans. The cubo haa six faces, each of area 100 sq. om. 

s. the total area through which heat enters =600 sq. om. 

+’. the quantity of heat conducted per hour 


-0°5 x 600 x 100 x 60 x 60 cal, =108%10" cal. 


1 
s'a- the required amount of ice melting per hour= 08x10 gin, 
=1°95x 10° gm. 


4. Find the difference in temperatures between the two sides of a boiler plate 
20 mm. thick and of conductivity 0'2 O. G, S. unit when transmitting heat at the 
rate of 600 kilocalories per square metre per minuto. 

[Raj. U.—1969] 


Ans. Here Q-(600x1000) calories: conducting area A (100x100) sq. em. ; 
limo ¢=60 sec. ; thickness d=2 cm. ; conductivity k=0'2 C, G. S. 


2x 100» 100 x (0, —0. 
Hence SR Top 190 X (Bj 20a) 00. 7600 x 1000, whence 9, — 04 10. 


+", the required difference of temperatures =10°0. 


5. A current of dry steam is maintained through a glass steam tra ded by 

p surroun 
molting ice on all sides. Qaleulato the thickness of tho glass walls and tho steam 
condensed per minute, if the total area of the glass trap is 100 sq. om., ice melted per 
minute is 75 gm. and thermal conductivity of glass Is ‘001. [Nag. U.—1953] 


Ans, Hero Q=heat absorbed by 75 gm. of ice in molting=(75x80 cal.) 
taking latent heat of ice to be 80 cal/gm.:¢—60 seo.. conductivo area A= 
Pedo: difference of temperatures 0,—0,—100'0; conductivity k F) 


Hence we get v 
001x100% 100x 60 05x 80, mu ggol 


The thickness sought for is thus 0*1 om. 
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99. Conductivity of Liquids— With the exception of mercury 
and metals in the molten state, liquids are in general bad conductors 
of heat. In measuring the conductivity of a liquid, difficulty arises 
on account of (1) the convection current set up and (2) the conduction 
of heat through the walls of the containing vessels, 

The thermal conductivity of water can be demonstrated in the 
followiag way. Take a thin-walled test tube (Fig. 67) nearly filled 
with cold water Into the water sink a piece of ice suitably weighed. 
Hold the test tube in an inclined way and heat the water near the top 
in small flame. It will be found that the water at the top may be boil- 
ing, while the ice does notappreciably melt. By heating the tube at the 
top coavection current is avoided and the low conductivity of water 
is clearly showa. Due to this low thermal conductivity of water, 
seasonal variation of atmospheric temperature does not sensibly affect 
the temperature of water ab the bottom of the deep sea, since such 
water preserves a fairly uaiform temperature all through the year. 

The conductivity of liquids can be compared by Despretz's Method. 
The apparatus coasists of a tall cylinder fitted with a number of equi- 

distant holes'arranged vertically. Hach hole is provided with a water- 
tight cork, through which the bulb of thermometer can be inserted 
within the cylinder. The cylinder is nearly filled with liquid and 
cylindrical copper vessel is fitted on to the top. By circulating hot 
. water at about 100"O into the upper vessel 
the liquid in the cylinder is heated by con- 
duction. Very slowly heat travels down- 
wards, showing the low conductivity of the 
liquid. After a sufficiently long interval a 
steady state is attained when the tempera- 
ture indicated by each thermometer is 
noted. The liquid is removed and the ex- 
periment is repeated with another liquid. 
Fig. 67 If the distance from the bottom of the 
copper vessel to points showing the same rise of temperature be l, and 
la respectively in the case of liquids of thermal conductivites A; and 
ka. theory shows that 
hy 
Becta”, H Put c j 

(For other methods of measuring conductivity of liquids, vide 
Vol III of the Book) 48 y 

100. Conductivity of Gases—The conductivity of gases is extre- 
mely low, the gases (except hydrogen and helium) being worst conduc- 
tors of heat. Owing to the effects of convection and radiation the 
measurement of conductivity of gases is rendered very difficult. 

The conductivity of gas was measured by Kundt and Warburg by 
observing the rate of cooling of a heated thermometer bulb of approxi- 
mately known thermal capacity. The bulb was enclosed in a spherical 
vessel which contained the expsrimental gas and whose outer surface 
was kept at O°C by a water bath. By reducing the pressure to less 
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than 150 mm. the effect of convection was rendered negligibly small, 
while the conductivity remained unaffected. By observing the rate 
of cooling of the thermometer when the enclosure was made as perfect 
a vacuum as possible the effect due to radiation only was found. The 
difference between the two observations gives the quantity of heat 
transmitted by conduction only. Knowing the radius of the enclosure, 
the difference of temperatures and the time fot the fall, the thermal 
conductivity k was calculated. As determined by more careful 
experiments the value of k for air is 000056 C. G.S. (For experimental 
Ese of measuring conductivity of gases, vide Volume III of the 
ook). 

101. Good and Bad Conductors—If a piece of wire gauze is 
placed upon the flame of a gas burner (Fig. 68), the flame appears 
only below the gauze but does not get through it. So rapid is the 
conduction of heat away from the flame by wire gauze that the gas 
above the gauze does not get sufficient heat to reach the ignition point 
end so the flame does not extend above it. If just over the gauze a 
lighted match-stick is now applied, a flame is produced, showing that 
the gas has been all along passing through the meshes. If the gauze 
were held for a sufficiently long time so as to be heated above the 
ignition point of the gas, the flame would extend above it. 

Again, a piece of wire gauze is held a little above the burner 
the gas is turned and lighted above the gauze. Flame is produced 
above, but does not extend below, the gauze. As the heat of the 
flame is rapidly conducted by the gauze, gas below is not 
sufficiently heated so as to reach the ignition point. Ifthe gauze is 
moved up or down the flame also moves. By appyling & lighted 
match-stick below the gauze, flame can be produced there. 

Tf a piece of wood and a sheet of iron be touched, the latter 
feels colder than the former, although both are the same room tem- 
perature. Iron being a better conductor takes away heat from 
the hand more rapidly than wood does; iron, therefore, cools 
the hand more rapidly and so it appears colder. If the hand is colder 
than the common temperature of the two objects, to the touch the iron 
sheet will appear warmer than the 
piece of wood for heat will pass into 
the handmore rapidly from the metal 
than from the wood. Again, if a 
piece of wood and a piece of metal 
have been lying in the sun, the 
latter will appear uncomfortably 
hotter to the touch. For the same 
reason, a marble floor appears colder 
than a cemented floor, and a picce of Fig. 68 
oil cloth colder than a linen sheet, 


A glass rod can be melted in a flame b ing i i 
bed y holding it at a point. 

very close to the flame while in metal rods even a distant paint be* 

comes too hot to touch. To prevent it from becoming ineoveniently 


— = 
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hot, handles of soldering ‘iron’ and of metal kestles, tea-pots, cookers, 
etc., are provided with handles of non-conducting substances. 

Water can be boiled ina vessel of thin paper, for the temperature 
of the water does not rise above 1UU°C and the paper being very thin, 
heat is conducted rapidly through it,so that it does not gef sufficiently 
heated so as to be charred, Steam pipes exposed bo air are covered with 
loosely packed asbestos, so that very little heat is lost. Fireproof 
gafos have asbestos lining and are made of double sheets of iron with 
intervening space filled with wood-ash saw-dusi, ete. 

The low conductivity of air is observed in various cases. To keep ' 
us warm we use woollen clothes, blankets, ete, in winter. These 
prevent the escape of heat of the body. Two reasons are there; 
the one is that wool is a bad conductor of heat, and theother is thatthe 
air also,which is enclosed within theinterstitches of the loosely woven 
fabrics, is a bad conductor. These clothes are generally terms ‘warm 
although they are not actually warmer than other objects in the 
room. It is also to be noted that the mass of air should be at rest ; 
otherwise heat will be lost by convection. If this were not so, the air 
surrounding our bare body would have been enough to keep us warm 
and there would not heve been any necessity for ‘warm’ clothes, 

Although the conductivities of wool and cotton do not differ much. 
the former is preferably used in the manufacture of the so called’ warm 
clothings’. For, wool, being nerely loose, holds a thicker leyer of air 
for the same weight. A new quilt is ‘warmer’ than an old one, for 
in the latter much air has been pressed out. In cold countries, owing 
to the enclosed layer of air, rooms are often provided with ‘double’ 
windows to keep the room ‘warm’. If ice is to be kept long, it is wrap- 
ped in a blanket or placed within saw dust, both of which, being poor 
conductors, prevent the heat of the atmosphere from reaching tho ice. 

Davys Safety Lamp—tThe heat conductivity of a metal is 
utilised in the construction of the Davy's Safety lamp. 
This is an ordinary lamp, the flame of which is com- 
pletely surrounded by a layer or two of thick iron or 
copper wire-gauze (Fig. 69); the air necessary for 
combustion passes in through the gauze If the lamp 
is taken inside a mine, in which marsh gas is present, 
the gas enters the lamp and burns inside with a dull 
blue flame. The heat of the flame being quickly 
conducted by the gauze. the gas outside is not readily 
heated to the ignition point. The appearance of the 
blue flame indicates the presence of the explosive gas 
in the mine and acts as a warning to the miners, Jn 
the improyed pattern, for stronger light the flame is 
surrounded with glass having wire-gauzes both above 
and below. 

102. Convection of Liquids— The convection of 
heat in a liquid can be demonstrated in the following 
way. Arrange the apparatus as in Fig. 70. B is a flask 
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fitted with a cork, and Ca wide-mouthed vessel open at the top and 
closed with a cork atthe lower end. The glass tube passes through both 
the corks, One of these D, which is straight, passes just into B and 
extends at the other end upinto O, while the other tube E. bent as. 
shown in the figure, reaches almost down to the bottom of B and 
extends to the top just into C, Covering the upper end of the tube D 
and taking care that no air js left in B, fill the whole apparatus with 
water. Colour the water in © with some dye and clamp the apparatus 


currents. Itisa matter of common experience that when- 
ever a house is on fire, the wind blows from all sides | 
towards the place and thus fans the flame, Stand a lighted 
candle ona basin and Lour some water in it; put an 
Ordinary lamp chimney over the candle, so that the bottom 
of the chimney is under water. The flame gradually 
becomes wesker. As the ingress of the air from below is 
out off, the flame does not get fresh supply of oxygen which Fig. 70 
is essential for combustion and so finally it goes out. Tf, 
however, a slight opening is made for sir by raising the chimney even 
slightly above the water, the flame continues to burn. 

ei; Now take a piece of T-shaped card board and 

wee insert it at the top of the chimney so as to 


continues to burn, Near one side of the card- 
board hold the piece of thick paper over 
the chimney ; the smoke goes down by one 


5 Support the flame, while thr ugh t t half 
Fig. 71 the heated air taking ough the other ha 


„tion goes out, This experiment illustrates the 
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lighter, it rises up and escapes through a series of holes near the 
cornice, known a8 ventilator. From outsidefresh air is drawn in through. 
the opening below, so that a continuous circulation of air is set up 
and keeps the room filled with fresh air. If there is a fire-place ina 
room, the draught in the chimney also helps ventilation. The heated 
air and smoke go up the chimney. while fresh air from the outside 
comes into the room. 

Chimneys of lamps or furnaces are designed on the principle of 
convection. The heated air together with smoke and products of 
combustion go up the chimney, while fresh air enters through the hole 
at the bottom of the burner or the fireplace, A convection current ig 


smoky, It can be shown that with greater intensity of the draught 
(i) the height of the chimney is greater and the difference of tempera- 
ture of air inside and outside the chimney is larger. Hence to set up 
a draught, a chimney is sometimes to be warmed initially. 

Gas-filled Lamps—The gas-filled electric lamps contain a small 
quantity of some inert gas such as argon. As the gas is heated, it 
rises up, carrying the heat away to the upper part of the bulb, so that 
without any risk of melting, the filament can be raised toa higher 
temperature, Further due to the convection current the tiny particles 
thrown off by the filament are carried to the top of the bulb. Soin 
the case of these gas-filled lamps the blackening caused by the deposit 
of these particles occurs mainly at the upper part and mot over the 
entire inside surface. Such lamps, therefore, have longer life. 

104. Naturel Phenomena based on Convection—Upon convec- 
tion of air depend the following natural phenomena. 

Winds—Winds are commonly due to convection currents set up 
in the atmosphere due to local variation of temperature. Air at & 
particular place gets heated somehow and rises upwards ; colder air 
from the surrounding places proceeds towards the region and produces 
winds. Again, due to greater evaporation a region at a higher tempera- 
ture contains larger amount of water vapour. As water vapour is 
lighter than air, the moisture would goup and produce & convection 
current, Winds are, therefore, due to convection current in the 
atmosphere produced due to a local decrease in density of air which 
originates from rise of temperature or increased evaporation or both, 
When the fall of atmospheric pressure at a place becomes very great, 
cold air from all sides rushes to the place with considerable speed 
and produces storms. 

Land and Sea Breezes—Land absorbs heat from the sun more 
rapidly than water. Also owing to its lower specific heat, lend is 
soon raised to a higher temperature than water. Thus during day- 


152 INTERMEDIATE PHYSICS CHAP. VIII 


time land becoms more heated than the sea, The air in contact with 
land becomes heated and, being lighter it rises up, while the colder 
air over the sea blows towards the land and generates what is called a 
sea breeze. Again during night, the land cools more rapidly than the 
Sea and so gradually aítainsa lower temperature than the latter, 
Being thus at & higher temperature, the air in contact with sea rises 
up, while the colder air over the land blows towards the sea, and 
produces what is called a land breeze. Scarcely beyond twenty five 
miles from the shore does the effect of such breeze extend. 

Trade winds—The surface of the earth near the equator becomes 
greatly heated by the sun. The air in contact gets heated and rises up, 
and colder air from the north and south is drawn towards the equator. 
If the earth would have beenat rest, this would have produced a north 
wind in the northern hemisphere and asouth wind in the southern 
hemisphere. But owing to the rotation of the earth from west to east, 
there appears at the lower levels a north easterly wind in the 
northern hemisphere relative to the earth and a south-easterly wind 
in the southern hemisphere. These are known respectively as the 
North Hast Trade Wind and the South East Trade Wind. 

Monsoons—These are periodic winds blowing from large continents 
towards the ocean and vice-versa, During the hot seasons the regions 
in Central Asia become more strongly heated than the waters of the 
Indian Ocean. This isdue to the difference in the effects of the 
sun £ heat on land and water, Currents of hot air rise upwards from 
the heated regions. while streams of air charged with moisture blow 
from the Indian Osean on the south towards these regions. On the 


groat height and is thus cool 
bo colder regions. Hence 


air from the regions of Central Asia appears 
dry monsoon, eas and is called north-east or 


along the east coast of the United St 
runs along the west coast of Europe, 
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105. Nature of Radiation—We know that transmission by 
gadiation can pass through a vacuum and also through a material 
medium. Formerly the concept gained 
Hard gamma rays ground that the whole space of the 

universe is filled with a continuous 
and elastic medium called ether, The 
vibrations of atoms and molecules of 
; a heated boáy set wp temperature waves 
[J| ware in the surrounding ether, which travel 


wavelength > | 


@xie"cm. 


gaxo Sem. 


a4xip7* cm. out in all directions with an enormous 
Medium velocity of about 186,000 miles per 

X roys second and earry the heat energy from. 

the source to the receiver. When these 


Soft waves fall on a material body, the 
transmitted velocity is reduced and 
the energy is partly absorbedin it pro- 
ducing a rise in the temperature of the 
pody, It is to be noted that at the 
source the energy manifests itself as 
heat and on reaching the receiver it 
becomes evident again as heat: but 
when it passes through vacuum, it ex- 
ists not as hoat bub a8 energy of wave- 
motion in ether. The latest view re- 
garding the propegation of heat energy 
is that the radiation consists of trans- 
verse wavesof periodic electric and mag- 
netic intensities movingthrough space. 

On reaching us the radiation from 
the sun excites the sensation of heat 
and light, both of which are, therefore, 
supposed to be electro-magnetic waves. 


1:36 x1 m. 
10x10 fcm: 


.39xitzm 


76x104 cm. 


(xor 0-01 c0. 
0:08 cm. 


Siow ascilition? — y rays, visible light, thermalradiation 
and wireless waves are all of the same 

Fig 72 physical nature. being transverse elec- 
tro-magnetic waves. (Vide ELECTRI- 

corry. Chapter XIV). The difference lies in the frequency of the waves 
and consequently in the wave-length. Thus waves, whose lengths are 
between 7800 X 10-9 em. (red) and 3900 x 107? em. (violet), produce 
the sensation of vision. Radiation caused by these waves is shown 
as luminous radiation. Again, when the wave-length is greater than 
1800 X 107? cm., the radiation does not affect the sensation of vision 
but produces only the sensation of heat; such radiation is termed in- 
fra red or thermal radiation. Beyond thermal radiation, then, is the 
region of Hertzian waves and the radio waves. At the extreme end 
there are slow oscillations of alternators. The radiations can also pro- 
duce chemical reactions. the effect being most marked whon the wave" 
length is less than 3900x 10^? cm. beyond the violet end of the visible 


Sx cm. 
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spectrum ; such radiation is termed ultra-violet radiation. Beyond 
ultra-violet are obtained X-rays and radiation of still shorter wave- 
lengths constituting gamma rays. In recent days analysis of cosmic 
rays reveals that a part of this radiation consists of waves of very 
short wave-lengths called hard gamma rays. A complete radiation 
spectrum is given in Fig, 72. 

Radiation from a hot body is not visible, as it emits thermal radia- 
tion only and no luminous radiation. The wave-length of thermal 
radiation extends from 80 107° em. to about ‘Ol cm. But if the 
lempereture of the body is gradually increasedsoas to make it red hot, 
it becomes visible, inasmuch as the body then emits red light along 
With thermal radiation. With a gradual rise of temperature the other 
colours appear in an increasing proportion, thermal rediation being 
always present. Ultimately when the body becomes white hot, it 
emits all kinds of radiations—thermal, luminous and ultra-violet. 


106. Instruments to detect and measure Thermal Radiation— 
(1) Ether Thermoscope—It consists of two glass tubes (Fig. 73) con- 
nected by a bent glass tubo and is held vertically insuitable a 
stand. The instrument contains only some quantity of */ 
coloured ether and ether vapour, the whole of air having 
been expelled before the instrument is sealed. One of the 
bulbs is coated with black paint, When thermal radiation 
falls on this bulb, it is absorbed ; so the temperature of the 
bulb and consequently that of the contained vapour, rise. 
The pressure of vapour on the ether within the bulb. 
therefore, increases and so the level of theetherin the other 
branch rises, 


(2) Differential Air Thermometer—Tnis was first used Fig. 73 
by Leslie. It consists of two equal glass bulbs containing air and 
conneoted by a glass tube bent twice at right angles. The tube 
contains syme non-volatile coloured liquid, e.g., sulphurie acid. The 
quantity of air in the bulbs is so adjusted that when the two bulbs 
are af the same temperature, the liquid stands at the same level in 
both the limbs. If one bulb is raised to a higher temperature than 
the other, the air in it expands and so the level of the liquid in this 
stem is depressed, while that in the other rises. Small difference of 
temperatures is thus indicated by this instrument. In addition to 
these there are a few electrical instruments, e.g., thermopile, bolo- 
meter. radiomicrometer, ete, which can measure avery small difference 
in temperatures, i 

107. Therme! Radiation and Light Comparei— The Similarity 
between thermal radiation and light is established from the fact that 

hey obey identical laws and have common properties. The following 
te the principal points of similarity. 

. i) Transmission through Vacnum—Thermal radiation like 
light can travel through vacuum. From the sun and through empty 
space heat as well as light reach us. Within an evacuated jars 


ART. 106 TRANSMISSION OF HEAT 155 


thermometer with a blackened bulb is placed. If the whole of it is 
now placed in the sun or before a fire, the thermometer shows 8 rise 
in temperature. 

(i) Reetilinear Propagation—Zhermal radiation travels very 
approwimetely in straight lines ; so we may use the term heat rays in 
a similar sense as light rays. The heat coming from a flame can be 
cut off by à screen in much the same way as the light coming from it 
can be. Subsequently it will be seen that both heat and light waves 
have got the property of bending their paths along the edges of opaque 
bodies. In the case of heat waves the bending is more prominent. 

(iii) Uniform Emission—In a homogeneous medium thermal 
radiation like light is emitted uniformly in all directions. An incan- 
descent metal sphere is placed in a dark room. If a delicate thermo- 
meter with a blackened bulb is placed on any side at the same distance 
from the sphere, it gives the seme reading. From ell sides the sphere 
also appears equally bright. 

(iv) Velocity of Propagation— Thermal radiation and light travel 
through space with à constant velocity (1864 00 miles per second). 
During a total solar eclipse of the sun, the stoppage of light is simul~ 
taneously accompanied by & fall of temperature. 

(v) Inverse Square Law—Like light thermal radiation follows: 
the law of inverse square. Hence the intensity of the radiation at a 
point varies inversely as the square of the distance of the point from 
the source, Take a large flat-sided tin vessel B (Fig. 74) with one 
face coated with Jamp-black. Fill it with boiling water. Place o 
thermopile fitted with 
the cone collector af 
tin front of the sur" 
face. Observe the 
deflection of the gal- 
vanometer. Now re- 
move the thermopile 
to T at twice the 
former distance. The 
deflection of the gal- 


yanometer remains. 

unchanged. 
Fig. T4—Proof of the Law Inverse Squares The area of the 
blackened surface, 


from which radiation 
now falls on the thermopile, is found to have increased four times ;, 
but as the deflections remain the same, the amount of radiation 
received on the pile must have toremainthe same. Hence the intensity 
of radiation on the thermopile has been reduced to a quarter. In 
other words, the intensity of radiation varies inversely as the square: 

nce. 

x: Se "Retletion-—Obeying ihe laws of reflection like light, thermal 


radiation is reflected from polished surface. 
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(a) Reflection at a plane surface—A polished thin plate is suppor- 
ted vertically. With their axes in the same horizontal plane two 
tubes are placed in front of the plate. A heated ball is placed near the 
end of one of the tubes and a thermopile is placed near that of the 
other, direct radiation from the ball to the thermopile being prevented 
by suitable screens. By rotating the tube the position for maximum 
effect of the thermopile is obtained. It would be found that the tubes 
are equally inclined on opposite sides of the normal to the reflector. 
Tf one of the tube is slightly displaced, the effect at once grows less 
marked, 

(b) Reflection at spherical surface—Some distance apart and facing 
each other, two large concave metallic mirrors are placed coaxially. 
If at the focus of one a luminous source is placed, en image is pro- 
duced at the focus of the other. Again, if a red hot ball is placed at 
the focus of the former, a match stick on being placed at that of the 
latter catches fire. 


(vii) Refraction—Obeying the law of refraction , thermal radiation 
like light is refracted. If solar rays bo passed through a convex 
lens, preferably of rock-salt, the light rays converge to the principal 
focus of the lens. With any detecting apparatus it can be shown that 
the heat rays be made to pass through a glass vessel containing a 
solution of iodide in carbon bisulphide, luminous radiation is cut off, 
but not the thermal radiation, 


A burning glass is a convex lens of short focus used to converge 
the heat rays from a source to a focus. Devised by the Tohrinhsusen, 
* large burning glass was used to burn a diamond for the first time, 

(vil) Continuity of Spectrum—Forming a spectrum of the 
solar light with a rock-salt prism, the heating effect along the entire 
spectrum can be demonstrated with a thermopile. The heating 
eflect is found to increase towards the red part of the spectrum 
and becomes maximum in the infra-red region at a little distance 
beyond the visible red, The presence of the dark line in this region 
has been demonstrated as well. 

(ix)  Polarisation— Like light, thermal radiation can be polarised ; 
that is, the vibrations are brought to a particular plane after being 
transmitted through certain substances (e. g., tourmaline plate). 


(x) Production of Light by Heating—If electric current is 
Passed through a piece of platinum wire, it first sends out thermal 
radiation and finally at about 1600°C it gives out white light. Thus 
at a rather low temperature the body gives out the long heat rays 


and eta sufficiently higher tem t it its light 8 aloni 
with the heat rays. g perature it emits light ray É 


We thus find that nature of the thermal radiation as well as of 
luminous radiation is the same ; the difference lies only in the wave- 
length. Radiant heat is then invisible light. 

108. Absorption, Transmission and Reflection of Radiation— 
When thermal radiation falls on a body, it is generally spilt up into 


t 
Í 
t 
| 
l 
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three parts; (1) A portion is reflected atthe surface obeying the 
laws of reflection. (2) A portion is érregulary reflected or diffused 
at the surface so as to be scattered in various directions. (8) A 
portion is refracted into the body. Of this last portion a part may be 
transmitted through the body and the remainder maybe absorbed 
within the material, The portion absorbed raises the temperature 
of the body. Different bodies possess different powers of reflection,. 
transmission or absorption. 

Selective Absorption—The power of absorption ofa substance 
deponde greatly on the nature of theincident radiation and also on 
the temperature of the source emitting the radiation, Glass, for 
exemple, is transperent to light and also to thermal radiation coming’ 
from a source of high temperature, but is practically opaque to thermal 
radiation from a source at a low temperature (below red heat), The 
light and heat from the sun can pass through moist atmosphere to & 
great extent. The surface of the earth absorbs the heat, gets thereby 
heated and sends out thermal radiation in its turn; but this radiation 
is greatly obstructed by the moist air. Agsin, rock-salt is very 
transparent to thermal radiation, while quartz behaves similarly to- 
wards ultra-violet radiation only. Opaque to luminous radiation, solut- 
ion of iodine in carbon bisulphide readily transmits thermal radiation. 


109. Emission of Radiation—The heat energy radiated by æ 
body is transformed into waye-motion. As the transformation takes 
place at the surface, the radiating power of a body is likely to depend 
on the nature of the surface, We define thermal emissivity of n 
radiating surface a6 the amount of heat energy emitted per secontl hy 
one square centimetre of tte surfaco, Emissivity of different surfaces, 
oven at the same temperature, is found to be different., 


Emissivity of different surfaces—Place a Leslie's cube on a 
suitable stand. It consists of à thin" metal cube (Fig. 75) with m 
hole in the upper lid, 
through which s thermo- 
meter can be inserted. The 
facesofoubeare ofdifferent: 
nature. Thusone of thefaces 
may be coated with lamp- 
black, another painted 
white, a third roughened 
and the fourth highly 
polished. Fill the cube, 
with boiling water and 
keep each of the faces 
turned for the same time 
towards a thermopile in 

Fig. 76 series with a galvano- 

z and placed a fixed distant apart. Note the deflection of the 

oat each time. Evidently the deflection is proportional to. 
the emissive power of the particuler surface. 
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It is found that for polished surface the deflection is yery small ; 
it becomes greater for the rough surface, increases further for the 
coated surface and is maximum for the lamp-black surface, At a tem- 
perature of 109°0, the radiating power of white lead is the same as 
that of lamp-back ; but at higher temperature lamp-black surface is 
the best radiator, Hot liquids kept in a blackened vessel cool more 
rapidly than in a polished one, The emissive power of a Jamp-black 
surface is, therefore, usually taken as the standard with which that of 
any other surfaces is compared. The radiating powers of different 
substances, even when coated with the same polish, are different, 

Tie emissive (or radiation) power (or the coefficient of emission) 
of the surface is the ratio of the «mount radiation emitted in a given 
time by the surface to the amount emitted in the same time by an 
equal area of a perfectly black surface at the same tem perature relative 
to that of the surrounding, 

Let the radiation from a surface in a certain time be=e, 

and radiation from an equal area of a lamp-black 
surface in the same time=E, 
Then the coefficient of emission <=e/B. 
Example : $ 
A metal sphere of thermal capacity 6'5 cal. per degree centigrade is observed 
00] at the rate ot 0'5 degree per minute, when its temperature is 50°O above that 


of the surroundings. If the Sphere is 3 cm, in diameter, calculate the thermal 
` emissivity of the surface of the sphere. (Bom, U.—1954] 


Ans, The quantity of heat emitted per second = EEX Boat, 


Aleo the area of the sphere =(4% 8°14 x 1°54) sq. om, 


65x'5 
Hi thè ey 
‘ence thermal emissivity GOxdx3 AXLE 


Surface of a body varies with the nature of the surfaces, 
Absorbing Powers of Different S 

Surfaces—Take a suitable square I, | 

(Fig. 7 ) say, a Loslie's cube, filled with Ens 1 [uM 

boiling water. Take a thermopile T in T 

Series with a galvanometer and a perfo- L ] 

rated screen B, so that the aperture is 

on the same line as the Source and the Fig. 76 


thermopile. Place a thin dise O of copper 
with the fa i 


different amounts of heat as is 
deflection of the galvanometer, 


The absorbing power (or the cref 
surface is the ratio of the amount o, 
by the surface to the total amount of radi 
n the same time, The absorbing and em 
fonnd to bear the same ratio. 
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Relation between the Emissivs and Absorbing powers ofa 
Surface -This relation is verified by Ritche’s experiment. The appara- 
$us devised by Ritche consists of two equal cylindrical metal vessels B 
and C (Fiz. 77) filled with air and connected by a glass tube which is 
bent twice at right angles and contains some coloured liquid. A large 
cylindrical vessel A is supported between B and C. The face of A 
towards B is coated with lamp-black, while the other face is polished. 
Turned towards A, the face of B is polished, and that of © is coated 
with lamp-black. 

The vessel A is filled with boiling water. The level of liquid in the 
shem on the two sides is found to remain the seme ; this shows that 
Band Care at the same temperature. Or, in other words, the 
amounts of energy received by them are equal, Here the polished 
face B absorbs a fraction of the amount emitted by the black face of 

È A, wbile the black face of O absorbs 
wholly the fraction radiated by the 
polished face of A. Aes the liquid 
column does not move, the amounts 
of heat energy received by B and O are 
equal. Stated in a direct form, the 
emissive power is equal to the absorbing 
power. 


Hence good radiators aregood absor- 
bers and poor radiators are poor absor- 
E bers. Thus lamp-black surface absorbs 
Fig. TT thegreatest portion of theincidentradi- 
ation and emits more than any other 
surface. Further, the absorbing power depends on the temperature of 
the surface and also on the wave length of the incident radiation. A 
body, which absorbs the whole of the incident radiation, is termed a 
perfectly black body. The radiation emitted by such a body at any 
temperature is called the full radiation for the temperature. A lamp- 
black surface is the nearest approach to a perfectly black body. 
Com»arison of Relative Heat Transparency of different 
materi»ls—The radiation from a suitable source is allowed to fall di- 
rectly on a thermopile and the deflection of galvanometer in series is 
noted.. A plate of some material is now interposed and the deflection 
is noted again. The ratio of the latter deflection to the former gives 
the ratio of the portion transmitted by the plate fo the total 
radiation incident on it. By taking plates of different materials but 
all of the same thickness, the percentage transmitted by each is 
obtained and can be compared. In the case ofa liquid the narrow 
vessels of the glass containing the liquid may be similarly used. 
fot- For different materials ( solids, liquids and gases ) the percentage 
«transmitted is found to vary widely. Thus for a plate 0'25 em, in 
. thickness, rock-salt transmits 93% of the incident radiation and glass 
about 989, while a solution of alum allows only about 2%. The 
transparency of rock-salé is the greatest and remains the same for 
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radiation from a source atdifferent temperatures. For other substances 
the transparency increases with the temperature of the source, 


The transmitting power of a plate is the ratio of the amount of 
radiation transmitted to the amount directly incident on it, The fraction 
of the incident radiation transmitted by a plate, 1 cm. thick, is called: 
the coefficient of transmissin of the material. 


111. Reflection of Radiation—Tho portion of the incident 
radiation, which is reflected by a surface, depends on the nature of the 
surface snd also on the angle of incidence. 


The reflecting power of a surface is measured by the ratio of the 
amount of radiation (regularly reflected by the surface) to the amount of 
radiation directly incident on it. 

Comparison of reflecting powers of different surfaces— Take 
a suitable source H ( Fig, 78). Allow the radiation to pass through 
an aperture in the screen 
B and to fall directly on 
athermopile T connec- 
ted with a galvanometer 
and placed a suitable 

distance apart. Note the 
doflection of the galyano- 
meter, Now allow the 
radiation to fall on the 
experimental plate P. 
Now shift the thermopile 
from P to T' ab an equal 
distancefrom P toreceive 


the reflected radiation, 
direct radiation to T' being prevented by the screen S'. Note the 
deflection again. The ratio of this deflection to the former one 
gives the reflecting power of the plate for the particular angle of 
incidence. It is found that a lamp-black surface as the poorest 
reflector, while s polished metalis the best. Good absorbers are thus. 
poor reflectors. 


> . 

*í 12 Radiometer—This fine apparatus was first designed by 
Sir William Crookes. It consists of a glass bulb B evacuated so as to 
have a low gas pressure inside (about 1 mm, of mercury ), Four thin 
aluminium or platinum vanes V are mounted on a light framework 
and are capable of revolving with the least possible friction. One 
surface of each vane is blackened, while the other is polished, and 
all the black surfaces are turned the same way. If the radiometer 
is exposed to heat or strong light on one side (such as burning of a 
matoh stick within a foot from it), the vanes continue revolving as if 
the dark sides of the vanes are pushed by radiating energy. 


The principle of action of the instrument is explained by consi- 
dering the moleoular motions of the gas within the bulb, When the 
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pressure of gas inside is low, there would be a muchsmaller number of 
R molecules within the bulb andsuch molecules would get a 
better freedom of motion. When heat radiations fall on 

T \ the vanes, the black surfaces absorb and radiate heat 
much more than a polished surface. Consequently, the 

black surfaces are more heated and gas molecules, which 

collide with a black surface, have their kinetic energy much 


Y raised. So they rebound from this surface with a higher 
velocity than the polished surface. Each rebound of a 

B molecule gives a tiny tap on the vane. These taps take 
place on both sides of a vane ; but the tap on the black 

cb side are more vigorous than that on the other side. The 


number of these taps per second on a vane is equivalent 

to the force perme pup OR Since this force 

( c $1 is greater on the black side, all these forces together 

N-——— constitute a couple which rotates the frame. If, how- 

Fig. 79 ever, the evacuation be proceeded to the extreme point 

so that molecular action is negligible, it is likely that 

in presence of heat or light radiation the vanes might rotate in the 

opposite direction. This is due to the pressure of heat or light 

radiation acting more on the polished side than on the dark. Tho 

radiation pressure is extremely feeble and is outweighed by the 
radiometric action at low pressure. 


118, Practical observations on Thermal Radiation—We are 
now in a position to make the general observation that good radiators 
are good absorbers, while good transmitters or good reflectors are poor 
absorbers and poor radiators, Polished metals are the best reflectors 
and are, therefore used, in electric radiators. Firemen's helmets are 
highly polished. Also any vessel meant to keep liquid hot for a long 
time is highly polished on the outside ; the outside of a calorimeter 
is polished and the steam pipes of a locomotive are kept brightly 
polished, On the other hand, hot water pipes for heating a room may 
be blackened on the outside in order that greaterradiation of heat may 
be obtained from them. Hot liquids cool down sooner in a black stone 
vessel than in a metal cup with polished surface. Polished shoes 
and hats are cooler than dull ones. 

Again, the absorbing power of a black body is more than that of 
a white one. Cooking vessels should preferably be black and rough 
on the outside. In common unglazed earthen vessel a liquid gets com- 
paratively heated. Exposed to the sun, a thermometer with a blackened 
bulb, gives a higher reading than an ordinary one. White linen is 
more suitable in summer as it absorbs very little of the sun's rays, 
while black clothing is preferred in winter, forit absorbs almost the 
whole of the incident radiation and thus becomes warm. A building 
painted white is warmer in winter and cooler in summer than one 


painted dark. 
Radiation froma sourcebyselective absorption isutilised in a'green 
Pi, 1/H.—11 
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house, The thermal radiation from the sun passes through the glass 
covering of the green-house. The ground and the plants inside absorb 
the radiation, deb heated and send out thermal radiation. But 
gless being à bad conductor of heat confines it and keeps the inside 
warm, On the same principle depends the action of the glass 
fire-sereen. The portion of the thermal radiation possessing the greatest 
heating effect being absorbed, only & part of the thermal radiation is 
transmitted slong with the luminous radiation. 

Since to a great extent moist air absorbs thermal radiation, it pre" 
vents the earth from becoming much'heated bysun'srays. Again.as the 
radiation escaping from the heated surface of the earth into space at 
night comes from a source of comparatively low temperature,itis ab- 
sorbed by the moist sir. Thus too much heatingduring the day and the 
cooling by radiation at night are both diminished. Again,in summer the 
envelope over plants and valleys maintains them comparatively warm 
during night ; but deserts and mountain-tops, whereon there is little 
moisture, cool down rapidly. On a cloudy night it feels rather ‘werm, 
because the heat radiated by the earth is obstructed and sent back 
by the clouds, On a clear night dew is more copious, radiation takes 
place freely and the surface of the earth cools rapidly. As gasesare poor 
radiators of heat, the hot gases in furnace are made to play on the 
fire-bricks which are thus heated and radiate heat in their turn. 

Earth's surface absorbs solar heat during day and radiates tho heat 
in night. Daring hot seasons the day is longer than the night, and so 
more heat is absorbed than emitted. This causes 77 
acoumulation of heat on the earth's surface from day ; 
today and so the weather feels hotter. During the 
cold seasons the night is longer than the day ; so the 
ground radiates during night not only all the heat it 
has absorbed during the day but also a portion of the 
accumulated heat, The earth's surface is, therefore, 
cooled down from day to day and causes the weather 
to fee) colder. 


114 Thermo-flask—This is used for keeping 
hot drinke hot and cold drinks cold for a long time, It 
consists of a double-walled glass vessel (Fig. 80) ; the 
space between the walls is exhausted of air through a 
fine tube at the bottomof the outerwall,whichis finally 
sealed off. The outer surface of the inner wall and the Fig. 80 
inner surface of the outer wall are silvered. The vessel s 
is placed on spring with a metallic or wooden case, is mouth being 
closed by a cork stopper. The space intervening the flask and the outer 
cover is sometimes packed with felt. Hence the vacuum prevents the 
passage of heat by conduction as well as by convection, while the 

i minimises radiatlon to a very great extent. Any transference 
of theheat byconduction through the wall of thevessel is minimised by 
ia o Appi packing. Thus in a thermoflask the passage of 

t to and from the interior by conduction, convection 
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as well as by radiation is minimised. It is sometimes called a vacuum 
flask, A Dewar flask is similar in construction and is designed to 
store liquefied gases, 


115. Loss of Heat by Radiation—It is experimentally found 
that the rate, at which a body loses heat by radiation, depends on 
(i) the temperature of the body, (ii) the nature and extent of its 
surface and (iii) the temperature of the surrounding space into which 
radiation takes place. 


Newton's Law of Cooling—Newton first investigated the loss or 
gain of heat by a body placed in given surrounding and enunciated the 
following law: The rate of loss of heat from a body is proportional 
to the difference between the temperatures of the body and its 
surroundings. This law refers to bodies cooling in air; itis appli- 
cable only for small difference of temperatures and does not hold 
ae when the temperature difference is large ( exceeding about 30°0). 
For further details vide J. Chatterjee’s Intermediate Practical 
Physics, All-India Edition.) 


The determination of specific heat of liquid by the method of cool- 
ing besed on Newton’s Law has been already described in Calorime- 
try. The laws of cooling or radiation have been stated by Dulong and 
Petit and later on, by Stefan and Boltzman. Finally from a different 
standpoint Planck established the law. The Stefan-Boltzmann Law 
lays down that the rate at which the energy is radiated by a hot 
black body, is proportional to the fourth power of its absolute 


temperature :— 
E-cT*, E Ah (115.1) 


where E stands for the energy emitted per square centimetre per 
Second by a full radiator, c is a constant (572 X 10~* ergs per sq. cm, 
per sec. per degree absolute*) and T is the absolute temperature, A full 
radiator absorbs all the radiant energy falling on it ; a lamp-blaok 
surface is a near approach to this condition. The total energy radiated 
is equal to the continued product of E, the surface area and 
the time, 

According to Wien’s Law, the product of the absolute temperature 
of a body and the wave-length, at which highest energy is radiated in 
a given time, is constant. Thus 

Timax=B, (115,2) 
Where Amaz=the wave length at which maximum energy is radiated 
and B=a constant (02890 cm. degree, absolute), Thus as the 
temperature of the body rises, wave-length, at which maximum 
energy is radiated, decreases. Thus as a body is more and more 
heated, it glows; the first glow appears as red and on further 
increasing the temperature, the colour extends towords the yellow 
and green parts, until it becomes white hol. 


Example ¢ 


A body initially at 80°C cools to64"0 In 5 minutes and to 52°O in 10 minutes, 
What will be the temperature of the surroundings ? (G. U,—1954) 
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Ans. Let 0°O be the temperature of the surrounding and m and s bo the mass 
and specific heat of the first body respectively. Tholoss of heat from the body im- 
5 minutos =ms X (80—64)=16 ms. Hence the rate per second of the loss of heat= 
16ms/300. Similarly for the second body the rate per second of the loss of heat= 
ms(80 — 52)/600 = 28ms/600. 

Now the mean excess of temperature of the first body ^ 90705936 

and mean excess of'temporature of the second body = 80458 —066— 0. 

Thon Newton's Law of cooling allows us to obtain the equation, 

72—08 ..16ms/300 72-0 _8 M 

ae” 878/600" é66—é 7T whence 0=24. 

Thus the desired temporature is 24°0. 

116. Prevost's Theory of Exchanges—If a red hot metallic 
ball is placed in front of a thermopile, it indicates that the ball is 
sending out thermal radiation. Ifthe hot bsllis now replaced by a 
lump of ice, it now shows that ice also is sending out some radiation. 
Again, ifa hot body is suspended in an evacuated chamber, the walle 
of which are imprevious to heat so that there is no loss of heat by con- 
duction or convection, the body will gradually cool by radiating heat 
to the enclosure. After some time the temperature of the body and that 
of the enclosure become the same and there is then no further change 
of temperature. It may appear that under uniform temperature , the 
body does not radiate, But the fact is not so, for if the temperature of 
tho enclosure is now lowered, that of the hot body will at once begin 
to fall again, showing that radiation has beentaking place all the time, 
Hence the only rational conclusion is that every body sends out radiant 
energy at all times and at all temperatures, the amountof whichdepends 
only on its own temperature and on the nature of its own surface 
but is not affected by the presence of surrounding bodies. Thus 
irrespective of its being placed neara very cold body or any other 
body, a red hot ball radiates the same amount of heat. 


Hence we may conclude that their is always a mutual exchange of 
radiation between any body and the surrounding objects and that the 
rise or fall of temperature observed in a body depends upon the 
difference between the amount of radiation emitted by the body and 
absorbed by it from surrounding objects. This is known as Prevost’s 
Theory of Exchanges, as it was first formulated by Prevost of Geneva 
in 1792. Thus when we stand before fire, we feel warm, because our 
body is receiving per unit of time more heat energy from the fire than 
it is losing by its own radiation. Again when we stand before a block 
of ice, we feel cold, for our body loses more heat by radiation than 
it receives from the ice which is at a lower temperature. When a body 
absorbs more radiant energy than what it itself emits, the body rises 
in temperature and when less, the body cools. When the quantity 
absorbed is equal to the quantity emitted, the temperature of the body 

8 constant. A body ceases to emit radiation, only when it is 
at the temperature of absolute zero. This theory also re-emphasises 
that the absorbing power of a surface is equal to its emissive power, 


or, 


i TRANSMISSION OF HEAT 


EXERCISES ON CHAPTER VIII 


1. Mention the waysin which a body loses heat. Givea 
‘brief explanation of each way with examples. Which will give 
“you better protection against cold, one thick shirt or two of 
half the thickness, the material being the same? Explain your 
answer, (0. 0.—1953) 


© 8, What aro different modes of transference of heat? 
Carefully distinguish between them, giving examples. 
(Gau. U.—1971; Andhra U.—1961 ; O. U.—1951, '60 ; 
Dac. U.—1960,; Pat. U.—1902; V. U.—1952; 
Dal. H. 8.—1971, 


3, Distinguish between conduction and convection of heat. 
Tllustrato their difference by examples. 
(C. U.—1959, '66 ; Dac. U.—1963 ; Utkal U.—1968) 


d 4, Describe an experiment to compare thermal conduc- 
‘tivities of metals in the form of rods (And U.—1970 ; Anna. 
U.—1960 ; dau. U.—1965; Mad. U.—1971; s 


. 5. Define thermal conductivity. (U.P.B.—1964 ; R. P. B. 
—1964, ’66 ; Nag. U.—1952, 65 ;" E,P.U.—1961 ; 0.U.—1953 ; 
Gan, U.—1965 ; Raj. U.—1973 : Mad U.—1961, '72) 

6. Describe Searle's method of finding the thermal con- 

` duotivity of metals. ( Gan. U.—1983 ; Nag. U.—1972). 

7. Define the terms "Thermal conductivity’ and 'Ther- 

mometrio conductivity.’ (Gau. U.—1964 ; Bom. U.—1903, '69) 

E 8, The coefficient of conductivity of copper is 0'96. How 
many heat units will pass per minute acroas a plate of copper 
of surface area 1 sq.m. and one centimetre thick, when its oppo- 
site faces are kept at temperature differing by 10°C ? 

Ans. 576X10* calories. , 

9. Define'thermal conductivity’. Explain the statement 
‘that the thermal conductivity of glass is ‘002 C. G. S. unit. 

P. U.—1971 ; U, P. B.—1970) 

10, How much heat is conducted in 2 hours through a pane 
of glass 15 sq.ft. in area gz inch thick, if the surface tempe- 
raíiures are 60°F and 10°F? (Thermal conductivity of glass is 

! 14x 107? eal./sec, om,°C) (C. U,—1956) 

Ans. 8193024 calories. 

11. The inside of a glass window 0'9 em. thick is ata 
temperature of 30'0,and the outside at 40°C. Estimate the 

. rate at which heat is entering the room through the window, 
df its area is 2 square metres. (U. P. B.--1964) 

Ans, 1988 cals./soc. 

12. A glass window pane is 1 metre long, halfa metre 
broad and 2 mm. thick. The outside temperatare is 50'O ; but 
the inside temperature is maintained at 20°C by air condi- 
tioning. If the conductivity of the glass be ‘002 calorie per 
om. per sec. per degree centigrade, how much heat will be 
conducted through the glass per minute ? (Poona U,—1964) 


Ans, 90000 cals. 


: 18, Takingthe conductivity of iron to be '017.0.G- B. unit 
what difference of temporatares should exist between the 
surface of an iron wall 3 om. thick, throngh every square 
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metre of which heat is streaming from a furnace to the boiling 
water at the rate of 30,000 units per minute. 
Ans 8'8°0, 

14. The opposite faces of a cubical block of iron of cross 
section 4 sq. cm, are kept in contact with steam and molting, 
ice, Determine the quantity of ice melted at the end of 10 
minutes, the conductivity of iron being 0'2 (Latent heat of 
ice=80 calories), (Pat, U.—1955 ; E. P. U.—1971) 


Ans. 800 gm. 


15. Heat is conducted through a slab of two layers of 
difforent materials of thermal conductivities of 0'2 and 0'8 res- 
pectively. Thethickness of each layer is 1 cm. it the tem- 
perature of two outer surfaces are 100°C and 0°O, find the 
temperature of the interface. (0. U.—1952) 


Ans, 40°0 


16. Steam at 100'0is passed into an iron pipe (1 metra 
long, 15 mm. thick) whose circumference is 10 cm. Water at 
100'0 collects at the rate of 100gm. per minute. What is the 
temperature of tbe outside? (Conductivity of iron=0'2; 
latent heat of steam 6540 cal./gm), 


Ans. 93:95"0, 


17. One end ofa metal rod, 40 om. long and 1'6 cm, in 
diameter, is placed in boiling water (100°O) and the other end 
inice. Ifthe thermal conductivity of the motalis 09 0. G. S. 
unit, calculate tho mass of ice which melts per minute. (Latent 
heat of water=80 cal, por gm.) (Mad. U.—1971) 


Ans. 6°93 gm, 


18, Find how much steam por minute is generated ina 
boilee made of boiler plate, 0'5 cm, thick, if the area of tho 
walls of the fite chamber is 2 eq. metres, tho mean tempera- 
tures of the plate faces are 200'0 and 120°C respectively, the 
latent heat of steam is 582 and the conductivity of stecl plate 
is 0104, 

Ans. 60'321 kgm, 


19. The glass windows of a room have a total area of 3 aq. 
metres and the glass is 5 mm, thick. Oalculate tho rate of flow 
of heat through glass, when the inside temperature is 20°C and 
the outside temperature is—10°C, (U. P, B.—1960) 

Ans, 9600 eals/sec. 


20. A metal vessel, 1 sq. metrein area, whose sides are 
0'5 em. thick, is filled with melting ice and is kept surrounded 
by water at 1000. How much ice will melt in an hour ? Ther- 
mal condnctivity of metal is 0'020. G.S. unit ; latent 
heat of ice is 80 calorios/gm. (Utkal. U.—1958) 


Ans, 1800 kgm. 


21, A suspended glass cube, each conducting face of which 
has an area of 144 sq. cm., is packed with ice and is closed on 
all sides. Thickness of the glass walls is 0'S cm. How much ica 
will melt in one hour? (The temperature of the room is 20*0 ; 
k of glass is "0025 C. G. S; L heat of ice — 80 cal./gm.) 

(Gau. U.—1904) 
Ans, 2430 gm. < 


TRANSMISSION OF HEAT 


22. Water is being boiled in an iron vesselover am oven. 
Find the rate in gm./s8o. at which water is evaporating, as- 
suming that no heat ia lost otherwise. The area and thickness 
of the bottom in contact with the oven are 250 sq. cm. and 5 
mm. respectively. (Latent heat of evaporation of water =536 
cal/gm., temperature of the oven=400°0, conductivity of 
iron ='2 C. G. S. unit, boiling point of water=100°C,) 

(Pat. U.—1952) 


Ans, 56 gm.[sec. (nearly). 


93, A thin-walled copper pipe, 6 cm. in diameter, parses 
through a water bath at 0°C. Brine at—10°O is circulated 
through the pipe anda layer of foe, 5 om. thick, has formed 
round it. Find approximately how long it will take for the 
next half millimetre layer to form. (Conductivity of ice ="005 
C. G. 8. : latent heat of ice—80 cal/gm. and 1 c. o. of water 
forms 1'09 c. c. of ice at 0'0) 


Ans. 533°8 sec. 


24, The effective heating surface of a boiler is 2 sq. metres 
and the temperature of the two sides of the steel boiler plates, 
8 mm. thick, are 150°C and 18070 respectively. Find the mass 
of wator evaporated per minute after boiling has commenced. 
[Intent heat of steam 525 oal./gm. , conductivity of steel =0'14| 

(Mad. U.—1960) 


Ans. 16'8 kgm. 


25. A spherical glass of 14 cm. radius is filled with water 
at 100°C and immersed in melting ice. At what rate must heat 
bo genorated inside the globe. if the temperature of water 
in it is to be maintained constant ? (Thickness of glass=1 mm. 
its conductivity =0°0025). (Raj. U.—1961) 


Ans. 01544 cal./sec, 


26. One end ofa metal bar is heated. Indicate clearly the 
factors on which the rate of rise of temperature atany point 
on it depends, (Pat. U.—1955 ; Utkal U.—1961 ; 

R. P. B.—1952,'69; Raj, U.—1963) 


97. Ifa wiro.gauze is held over the flame of a Bunsen 
burner, the flame cannot go up through the holes in the gauze 


but remains below it, Explain this. (V. U.—1954) 
38. (a) Explain the working of Davy’s Safety Lamp. 

(C. U.—1958) 

(b) Explain why water can bo boiled in a vessel made 

of thin paper. (V. U.—1955) 

29. Explain why we get-land breeze during night and sea 

bresze during day. (Utkal U.—1954) 


30. Explain how you would prova experimentally that 
heat rays like light rays obey laws of reflection and refraction. 
(Utkal U.—1964 ; Pat. U.—1971: P. U.—1962) 


31, Describe and indicate tha use of à Leslie’s cube. 
(0. U.—1951) 
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33. Define emissive power and absorption coefficient. How 
ean you prove that the emissive power ofa surface is propor- 
tional to its absorption coefficient ? (R. P. B.—1965) 


33. Aroom heatezis made up of 10 polished thin-walled 
tubes of copper. each one metre long and 5 om, in dismeter. If 
hot water at 70°C circulates constantly through the tubes, cal- 
culate the amount of heat in calories radiated in an hour ina 
room where the average temperature is 15°O. (Emissivity of 
copper 4x 107* cal./sec. per sq. cm.], (R. P. B.—1968) 


Ans, 19434 cals 


$4, Givean accountof experiments to show that good 
absorbers of heat are good radiators. 
(0. U.—1955 ; All. U.—1967) 
35. How will you show that the absorbing powers of diffe- 
rent substances are different? What relation does the absor- 
bing power of a surface bear to its emissive power at the same 
temperature ? (Utkal U.—1972) 
86. Describe Ritchie's apparatus and its working to show 
that emissive power of a surfaee is equal to its absorptive 
power. (Bom. U.—1951, '64 ; Nag. U.—1956,’69 ; Gau. U.—1972) 
97. What ĉo you understand by the absorbing and 
emissive powers of a surface ? 
38. Describe an experiment to compare either the 
emissive powers or the absorptive powers of two surfaces. 
(Nag. U.—1961, '74) 
39. Describe the principle and construction of ‘Dewar 
vacuum flask’ or a "Thermoflask", 
(0. U.—1958 ; P. U.—I961 ; Gan, U.—1963 ; Del. U.—1971 ; 
V. U.—1953 ; And U.—1962) 
40, State the laws of heat radiation and explain Newton’s 
Laws of Cooling. (Gau. U,—1964 ; Bom, U.—1963) 
41. State Newton’s Law of Cooling and its limitations. 
How will you find the specific heat of a liquid by the method 
of cooling’? (E. P. U.—1963 ; U. P. B.—1971 ; R. P. B.—1973) 
42. Give an outline of Prevost's Theory of Exchanges, The 
bulbs of two identical'thermometers are coated, one with lamp- 
black and the other with silver. Compare their readings (a) 
when in a water bath in a dark room, (b) when in the sun, and 
(c) when exposed in a clear night, (Pat, U.—1907) 
43. Write notes on the Newton'a Law of Cooling. 


(Raj. U.—1968 ; R. P. B.—1970 ; Dac. U.—1969 ; 
Del. U.—1963 ; And U.—1962) 

44. A metal sphere cools 80°C to 70°C in 5 minutes and 
to 62'5°C in the next 5 minutes, Calculate the «temperature at 
the end of the next 5 minutes, (Bom, U.—1973) 

Ans, 56°875°O. 


45. Explain Prayost’s Theory of Exchanges 
(G. U.—1956, '62, '65 ; R. P. B.—1968 ; 
E. P, U.—1960, '63 ; Bom. U.—1962, '65) 


—— 


CHAPTER IX 
MECHANICAL EQUIVALENT OF HEAT 


117. Heat and Work—In primitive ages fire was produced by 
rapidly spinning the blunt end of a piece of hard wood in a shallow 
hole made in a block of softer wood. Sparks are produced when a 
piece of hard metal is pressed against the rim of a revolving grind- 
stone or when a flintstone is struck against a piece of iron. Match 
sticks may be ignited by rubbing. When we work tools like saws, 
files, drills, ete, they are found to be considerably heated. Such 
illustrations show that heat is produced by friction, 


Again, when a body moving with a high speed strikes a target 
the kinetic energy possessed by & body gets converted into heat 
energy. Thus, when & body falling from a large height strikes the 
ground, it is found to rise in temperature. Tf a piece of iron is struck 
several times with & hammer, it is found to be heated. Sparks are 
produced when the iron-shoe put toa horse's hoofs strikes herd 
against a metalled road. The action of a tinder box is a very suitable 
illustration of production of fire by impact. At the time of pumping a 
bi cycle the barrel of the pump gets hot mainly due to the compression 
of air. All these facts go to prove that heat is produced by mechanical 
work. Conversely, heat energy can be converted into mechanicel 
energy, as is illustrated by steam engines and other kind of heat 
engines. Such examples naturally suggest that there exists some 
‘elation between the work done and the consequent heat produced. 


118. Nature of Heat—Various theories have been advanced to 
explain the nature of heat. 

Caloric Theory—According to this theory, which was prevalent 
before the nineteenth century, heat was supposed to be an invisible 
and indestructible fluid, called caloric. The fluid was assumed to fill 
material bodies and to flow from onetoan other body at a higher tem- 
perature. As calorie could be neither created nor destroyed, the 
total quantity of heat in a system was supposed to remain the same. 
So the calorie lost by one body of the system must be gained by 


‘other, The production of heat by friction or compression was” 


attributed to the sqeezing out of the calorio. 


Rumford's Experiments—W hile supervising the boring of 
cannon at Munich in 1798, Count Rumford observed that the 
temperature of the gun 4s well as of the cutting tools rose 
considerably during the process. It appeared probable that the 
generation of such & large quantity of heat was due to a change in 
the thermal capacity of so small a quantity of the substance owing 
to a mere change in form, Rumford also found experimentally that 
specific heat of a metal whether taken in a large mass or as chips, 
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was the same. He further observed that there was no limit to the 
amount of heat that could be produced by friction. He, therefore, 
argued that considered as a material substance, heat could not thus be 
produced without limit and so he suggested as the alternative theory 
that heat must be a kind of motion. From independent experiments 
the conclusion was arrived at by Sir Humphry Davy. 


Dynamic Energy Theory—It has been assumed that heat is due 
to a kind of motion. Of what is the motion remains the question 
and awaits the solution. According to Dynamic Theory, the 
molecules of a body are ina state of rapid vibratory motion. The 
total quantity of heat possessed by s body consists in the total 
amount of kinetic energy possessed by the molecules by virtue of 
their agitation. In solids a part of the energy may be potential 
energy due to the attractive forces between the molecules, When a 
body is heated, the rapidity of the movement of the molecules 
increases and so there is a gain in the kinetic energy. When the 
body is cooled, reverse in the case. Hence heat consists in the kinetic 
energy of the constituent molecules of a body. 

119. Mechanical Equivalent of Heat--The generation of heat 
by mechanical work and the production of work by heat indicate 
an intimate relation between heat and work. Careful experi- 
ments show that there is a definite quantitative relation between the 
amount of work done and the amount of heat produced. In other 
words, a definite amount of work must be performed so as to 
produce a definite quantiby of heat. The relation is expressed in the 
First Law of Thermodynamics which may be stated as follows, 
following Maxwell— 

“When work is transformed into heat or heat into work, the 
quantity of work is mechanically equivalent to the quantity of heat.’ 
If an amount of work W produces a quantity H of heat. 


qe or W=JH (119.1) 


whero J is a constant provided that all tho work done is utilised in 
generating heat and that no part of itis wasted, This constant is 
the energy equivalent of the unit of heat and is termed the mechanical 
equivalent of heat or Joule's equivalent. Hence mechanical equivalent 
of heat is the amount of work done to produce unit ‘quantity ( one 
calorie) of heat. It is denoted by ‘J’ after the name of Dr, Joule, 


120. Methods for determining J— Various methods have been 
devised to determine the value of the mechanieal equivalent of heat 
J, some of which are given below. 


(1) Vertical Fall Method—A cylindrical glass tube, about 50 
em. in length and closed at each end by padded porcelain Stoppers, 
contains a number of lead shots. The tube is held vertical, when the 
shots collect on the bottom stopper. On now suddenly inverting the 
tube, the shots fall down along the entire length of the tube and 
strike against the lower stopper. If the tube is quickly inverted ‘a 
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number of times, the shots are found to rise in temperature slightly» 
This is because of the fact that the work done due to the fall 
of the shots is converted into heat energy which mainly goes to 
raise their temperature. It is here assumed that very little portion 
of heat energy is absorbed by the glars tube and the stoppers. Bo 
this method is an approximate one. : 

If m be mass of the lead shots and / the height through 
which the shots fall down each time, the loss of potential energy 
due to each fallis mhg. If there are n such fells. the total loss of 
potential energy is mngh. So this is the amount of work done by 
the shots. Again, if s be the specific heat of lead and 0 the rise of 
temperature, heat absorbed by the system is ms0. Then 

LL work done -mngh ngh ...(190.1) 
heat produced ms0 s0 


We also know thatloss of potential energy of the shots mani- 
fests as the gain in kinetic energy, which is converted into heat 
each time by impact with the stopper. Ifv be the velocity of fimpact, 
the gain in kinetic energy issmu2=mgh. Thus for n impacts the 
total kinetic energy is $mnv?. Then 

work done _ „gmn? _nv® ..(180 2) 
heat produced ms@ — 250 

Examples : 

l. A closed card-board tube, 1 metre long, contains some lead shots at one 

end and the tube is quickly inverted. so that the shots fall through the whole 
length of ihe tube. This operation is repeated 100 times. Find the rise of 
temperature, if the specific heat of lead is ‘03. 
. Ans. It m=mass of lead shots in gm., the loss of potential energy for one 
inversion of the tube=mgx100 ergs. For 100 inversions, the work done= 
m X980 X 100? ergs, taking g=980 cm./sec.?. 

Again, heat developed =m x 0'08 X 0, where @ stands for the rise of temperature. 


He i work done ..;. 49107 
nce since — developed ETETA J=4'2x 107, we derive 


s. 4£2x107xmx"08x0=mX980X 100, or, O=T'8. 

Hence the required rise in temperatwre is 78°C. 

9. A body falls through a height of 837 metres. Assuming that all the 
energy of fall is convertrd into heat, find the rise of temperature of the body, 
if the specific heat of the body is 0'049 cals./gm. Given that J =4'185 107 ergs./ 


calorie ; g=980 cm./sec.*. 
Ans. Since the K.E. of fall is equal ta P. E. at the height, we have $ m= 


mgh=work dpno=JH, where H= heat developed. Hence, if t represents rise of 
temperature. r 

5J mx'049Xt=mgh. 

gh... 980x 8370 -40 
jx' 04) 4185x107 x 049 

The required rise in temperature is thus 49°C. 

(2) Joule's Method—The apparatus used by Dr. Joule consists 
of copper calorimeter O (Fig. 82), having four sets of lateral vanes 
V. V soldered to its side. The calorimeter is provided with a water- 
tight lid. Through a central opening in a lid is introduced a spindle 
S, which carries a number of paddles P,P. The paddles can just 


whence t= 
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rotate through corresponding spaces within the fixed vanes. _The 
position of the fixed vanes and the paddles attached to the spindle 
ds shown separately in Fig. 83. To a vertical wooden cylinder D 
the spindle S is attached bya removable pin G. Two cords are 
wound round D in the same direction in such a way that they leave 
the cylinder at the opposite extremities of a diameter. The other 
ends of the cords are stretched over pulleys P, P carrying at their 
ends two equal lead weights W, W. To indicate the height there are 
vertical scales L, L through which the weights are allowed to fall. 
A measured quantity of water is pub into the calorimeter and its 


Fig. 82—Joule’s Calorimeter -Fig, 88 


temperature is noted by a sensitive centigrade thermometer, which 
is introduced into the calorimeter through en aperture in the lid. 


By removing the pin, the cylider D is detached from the spindle 
and is rotated by the handle H, till the weights are wound up to a 
definite height. The pin is replaced and the weights are released, 
As the weights descend, the paddles turn and tend to communicate 
a churning motion to the water; but as this is partly prevented 
by the fixed vanes, the kinetic energy of the moving water is 
converted into heat. Just as the weights are about to reach the 
ground, the cylinder is quickly detached by taking away the pin 
and the weights are again wound up to the previous height; the pin 
is replaced and the weights are allowed to fall as before. The 
operations are repeated several times and the final temperature of the 
water in the calorimeter is Carefully noted. The amount of heat 


necessary to raise the temperature of the calorimeter and its 
falling weights, 


Let the mass of the each weight be 

» height through which each weight falls 

» number of times of fall 

Let water equivalent calorimeter and contents 
» initial and final temperatures of water =t, C and t2°C, 
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and the velocity of each weight just before 

reaching the ground = cm. per sec. 
P, E, possessed initially by the two weights —Mgh ergs. 
Also the K. E, retained by the weights 


just before striking the ground =}Mv® X2 ergs, 
Hence energy utilised in rotating the paddles 
in each fall =(QMgh — Mv?) ergs,- 


.. inm falls total work done (i,e., total 
energy utilised) = W =(2Mgh—Mv*) Xn ergs. 

Again, heat produced = H = m(ts — tı) calories. 
wW —(QMgh —Mv* 
H m(ts—t1) 

Precautions were 4aken against, and corrections were made for, the loss of heat- 
due to conduction and radiation respectively. The loss of energy ‘due to friction at 
the pulleys was also taken into account. Joule however, took the specific heat of 


water to be the same at all temperatures, the rise of temperature of water in the 
calorimeter was very small. 


Hence J= n ergs per calorie -»-(102,8) 


From ajlarge number of readings J oule intially found the mean: 
value of J to be 773 ft. lbs. of works per B. Th.U. ; that is, in order to 
produce the amount of heat required to raise 1 lb. of water through 
1°F, the amount of work to be performed is 773 ft, lbs. By using 
a modified form of the apparatus Joule finally obtained the mean 
value at 778 ft. lbs per B, Th, U. or 4'18X 10* ergs per calorie. 


(3) Searle's Method  (riction-Cone Method—This is a very 
simple and convenient laboratory method for determining the 
mechanical equivalent of heat. The apparatus consists of two hollow 
truncated cones C and C, of brass one fitted smoothly in the other, 
and the combination is attached as its upper end toa circular wooden, 
dise D (Fig. 84). The outer cone O is fixed through an ebonite plug to 
a metal rod attached to a shaft, which can be rotated rapidly by 
means of belting b going to a hand-wheel W or a motor. The inner 
cone C, is kept in position by an ebonite ring near the top (Fig. 85), 
The inner cone C, is partly filled with & known mass of water. The 
bulb of a sensitive thermometer T passing through &*hole in the 
dise is immersed in the water. A cordis wound round the circum- 
ference of the disc D, the end of which passes over the pulley P and 
carries a weight M atitsend. The cylinder supporting C is held by 
sockets B, and Bz in which there is a ball-bearing arrangements. 
The actual apparatus is shown in Fig. 84; a section thereof is 
exhibited in Fig. 85. 


As the outer cone C is rotated the inner one C, tends to follow the- 
same direction by frictional force but is prevented and held in position 
by the opposing couple generated by the weight M. By properly 
regulating the rotation of the outer cone the weight M can be 
kept suspended in a stationary position. In this case the moment of 
the frictional -force between the cones about the axis of rotation. 
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is equal to the moment of the pull due to the weight M, The rate 
of revolution of the cone is given by the speed counter S. 


Fig.. 48—Friction Cone Method Fig. 85 
Let the radius of the wooden =r cm. 
» frictional force between the cones = F dynes 
4, Mean radius of the cones =a cm, 
» number of reyolutions of the cone per sec. =n, 
» Water equivalent of the cones and their contents =m gm. 
and the rise of temperature (corrected for radiation) e. 


Now the moment of the frictional force about the axis of rotation=Fa 
and moment of the pull due to M about the axis of rotation =Mgr, 
Since for steady position of load the moments are equal Fa-Mgr. 
Now work done in n revolutions =92xnaF ergs=2%n Mgr ergs, 
Also heat developed by the rotations=mt calories. 
Hence the mechanical equivalent J d 


ergs per cal...(190,4) 
(4) Electrical Method— Description of this method is given in 
‘the part of VOLTAIC ELEOTRICITY. 
121, The values of J in different Units—The most accurate value 
of J is 778 ft, lbs, per B. Th. U. of heat. This means that to produce 
‘one pound Fahrenheit degree of heat U18-foot-pounds of work have to 


be done. Conversion into C, G, S. unit is done the following manner. 
We know 1 f$. 1b. =30'48 X 453'6 x 981 ergs. 


and 1 B. Th. U.=1 lb. degree Fah,—453'9x Bralories 


y — 718 ft. Ibs, 
1 1b. deg. F. 
— 118 3048 x 453'6 981 9 erga 
453'6 X 5 calories 


Hence 
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=4'186 X10" ergs per calorie 
=4'186 Joule's per caloric 


This value of J is approximately taken to be 4'2X 10" ergs per 
calorie. 


Examples $ 


1. With what velocity musta lead bullet at 50°C strike asainst an obstacle in 
order that the heat produced by the arrest of the motion might be just sufficient to 
molt it, provided all the heat produced within the bullet is utilised, (Sp. ht, of 
lead='031 , melting point of lead=885°C ; latent heat of fusion of lead=5'87 ; 
J=4'18 x pO? ergs per calories.) 

Ans. Suppose the mass of the bullet is m gm. the required velocity is v cm. 
per sec, 


Then the K. E. —43mv* ergs. 
This onergy is converted into heat which raises the temperature of the bullet 
from 50°C to 335°C and then melts it. 
the heat produced — [m x 0'031 x (385 — 50) J-m x 5'37) cal. 
-mx14905 cal. 


As .W-3JH, wa must have $mv* —4'18 x 107 x m X 14'205 ergs., 
whence v= Jax 418x14235x107 =84'46 x 10*, om, per sec. 


2. A piece of steel of mass 1200 gm. is struck by a hammer weighing 960 kgm. 
dropped from a height of 1°6 metres. Assuming 75% of the heat generated tobe 
retained by the steel piece whose specific heat is 0'12, calculate its rise in 
temperature, [Mad. U.—1960] 

Ans. Mass of hammer=960 kgm.=96X10* gm.; height it falls throngh =1'6 
metres=160 cm. Assuming g=980 0. G. S., the P. E. of the hammer=96x10¢ x 
980x160 ergs. Just before striking the piece of steel this amount is to be wholly 
converted into K, E. 


Now heat produced — W|J. Taking, as usual, J—42x107 ergs/calorie, we find 


= 96x10* x 980 x 160 
4°2x107 

Of this amount of heat only 75% is retained by the steel piece. Thus the quantity 
of heat retained by the steel piece is (f X 3584) cal.,=2688 cals, If the rise of tempa- 
rature of the stool piece be ¢°O, then, 

eL. 2088 2 ge 
"-igoxois S’ 

3, Ifthe mechanical equivalent of heat be 4°2.x107 ergs/cal. from what height 
must a mass of water be dropped in order to raise its temperature by 01°C, assuming 
that all the kinetic energy gained by the mass of water is used up in raising the 
temperature? (g=980 cm./sec.*) [Pat. U,—1952] 

Ans. Let tho height beh cm. Since the K, E. of fallis equall to the P. E. 
at the neight. 

3 mv? =mgh, whore m=mass of water (in gm.). 

Now W-JH, or, mgh -JB.—J Xmx0'1, 

or, 980x h=1'2X 10? x 01, whence h=4286. 

Thus the height asked for is 4286 om. (nearly). ? 

4. A copper calorimeter weighing 190 gm. (of sp. heat 0'1 and containing 3901 
gm. of oil (of sp. heat 0'5) is stirred by a rotating paddle. Tf the couple driving the 
paddle is 10° dynes cm, and if the rise of temperature: is 8°C after 1000 revolutions, 
calculate J. ` (And. U.—1952] 

Ans. The work done bya couple=moment of couple x angle turned through, 
Thorefore in turning through 1000 revolutions the amount of work done by 10° dynes 
om, is=(10* x 2 x 1000) ergs—2z x 101* ergs=W, say. 


=3584 calories. 
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Now heat absorbed by the calorimeter and contents ={(120 x 0'1+3901 x 0'5) x8} 
cal, =15700 cal. =H, say. 


Then J= H^ wo ————ergs/cal. =4'0x 107 ergs per calorie, 


5. The radius of the top disc of a friction cone apparatus is 20 cm. and a 
weight of 100 gms, remains suspended, when the speed of rotation is 300 revolutions 
por minute. Caloulate (i) the moment of couple due to the frictional forces about 
the central axis, and (ii) the rate of development of energy in watts. (J=4'2 joules 
per calorie ; g=980 0, G. 8.) [R. P. B.—1951] 


Ans, Moment of couple about the central axis— Mgr — (100 x 980 x 20) dyno. 
em.=196 104 dyne-cm. Also 300 rev. minute=5 rov. second. 
Bo work done per second —2znMgr 2 x 3:14 x 5x 100x 980 x 20 ergs, 


Hence the rate of energy = 2X8 14x5 x 100 980% 20 joules per sec, —6:154 


joules per sec,=6'154 watts, 


*122, Difference of two Specific Heats of a Gas—If a quantity 
of a gas is heatied at a constant volume, no external work is done by 
the gas and so the heat supplied is wholly utilised in raising the 
temperture of the gas, while the Pressure increases. But if the 
volume is allowed to expand so as to keep the pressure of the gas 
constant, an additional amount of heat is necessary to supply the 
energy equivalent to the external work done, Hence, the specific 
heat of a gas at constant pressure Cp exceeds the specific heat at 
constant volume C; by the amount of heat equivalent to the external 
work done, when one gramme of the gas is heated through 1°C at 
constant pressure. 

Consider one gramme of a Bas at pressure P dynes per Sq.cm, ina 
cylinder fitted with s piston of cross-sectional area A sq. cm. Then 
the force on the piston is P A dynes, 

Now heat the gas at constant pressure through 1°C and move the 
piston outwards through a distance d cm, 

The oxternal work done during expansion = PAd ergs. 

Now for a rise of 1°C the increase in the volume — Ad, 


Lot the volume of 1 gm. of the gas at 0°C and und 
Phe Vo. Then Ad=Vo/273, f wh rss na. 


*'« for a rise of 1°C the external work done=PAd= TY. ergs 
From Charles’ Law PVo=RT, where T, is the absolute tem- 
perature corresponding to 0°C, and is, therefore,equal to 273°A, sothat 
PV Pos og 
878. ro 
Hence for a rise of 1°C the external work done=R ergs, 


This is equivalent to the difference between the specific heats of 
a gas. In other words, 


-0-8 
O» rds (122,1) 
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Mayer's Method of Determining J—To caleulate J for hydrogen” 
Mayer used the above expression before is was experimentally deter- 
mined by Dr. Joule. 

For hydrogen C, 3409 calories per 6m. pero 

and C,— 2411 calories per gm. per?C i 

Now the volume Vo of 1 gm. of hydrogen at N. T, P.—11160 o.c. 

Also the normal pressure P, —(76 x 13'6 X 981) dynes per £q, om. 
a — 1014 X 10° dynes per sq. cm. 


` 6 
Hence for 1 gm. of hydrogen, pu 10x 105 x11160, 65 per °C 


273 
=4'145X 10" ergs per°O, 
Then from equation. (192,1) we get EMO =3'406—2'411 
Whence J=4'152% 10" ergs per calorie. 


Examples : 

1. How much work is done against atmospheric pressure, when 1: gramme 
of water at 0°C is converted into steam? Express your rosult in calories. 

Ans. "The atmoapheris pressure, at which water is converted into steam at 10070, 
is a pressure of 76 cm. mercury. 

So the prossure=(76X13°6 x 981) dynes per sq. cm. 

When 1 gm. of water is changed into steam at 100°C, the inorease in volume 
is 1672 c.c. 

Honce the required work done=(76 x 19*6 x 981 x 1672) ergs. 

76 x 13°6 x 981% 1672 A 
13x10 cal. =40°37 cal. 
2. The spocifio heat at constant volume of air is 0'1684 and at constant 


preusure it is 0°2375. Calonlate the value of J. (Density of air at NT Ps 
*001293 gm. per oc. c.) 

Ans. The normal atmospheric pressure P,=(76X13°6X981) dynes per £q- em. 
Now tho volame V, of 1 gm. of air at 0"O is 77373 c.c. 4 


Thus for 1 gm. of air, Bee S A LEETE AA 


273 273 
Hence we have 76x13 A X 1133... 9-375 0-684, by equ. (1 220) 
whence J=416 x10" ergs/oalorie. 
ER IX p 
EXEROISES ON OHAPT ifererica 
1. Dazcribe an experiment to establish the connection be- Art, 117 
tweon heat and work and deduce from them the idea of macha- 
nical equivalent of heat. (R. P. B.—1962 ; Pat. U.—1970 ; 
‘Dao. U.—1971 ; Gau. U.—1955) 
2, State the First Law of Thermodynamics. Explain what Art. 119 


is meant by mechanical equivalent ef heat. i 
(Gau. U.—1961, 73; Bom. U.—1972) 
3. From what height must a block of ice drop in order that Art, 120 
itmay be molted completely? Itisassumed that 50% of the 
energy of fall is retained by ice. (Assume 9-980; L=80 and 
324 joules/calorie.) 
Ans. 6:86X10* em. 


Pt, 1/H.—12 E 
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Reference 
Art. 120 


Art. 120 


Arts. 
119 & 120 


Art, p20 


Art, 120 


Arts. 
119 & 120 


| Att, 120 
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4. How long will it take an electrical heating rod of 420 
watts to heat 100 c.c. of water by 10°C, if no heat is lost? 
(J=4°2x 10" ergs/calorie). (B. H. U.—1968) 

Ans, 10 sec. 


5. Calculate the velocity of æ lead bullet whose tempera- 
ture on striking an unyielding target rises by 200°C, assuming 
that the whole of the heat generated by the impact remains, in 
the lead. (Specific heat of lead is 0°03.) * (0. U.—1947, '61) 


Ans. 22°45 x 10* om. per sec. 


6. What is meant by Mechanical Equivalent of heat ? 
How can it be determined experimentally ? 
(V. U.—1954, 59; O. U,—1959 ; Utk. U.—1963 ; 
Mys. U —1962 ; 'Gau. U.—1953 ; Dac. U.—1962 ; 
iDol. H. 8.—1951 ; Nag. U.—1954 ; Del. U.— 1952, '61 ; 
iR. P. B.—1946, 49 ; Pat. U.—1944, '59) 


7. A meteorite weighing 9200 kgm. falls on the moon with a 
velocity of 100 metres per sec, Assuming that all its energy is 
converted into beat, workout how many calories of heat will be 
produced (J =4'19 x 107) 

Ans. 94X10* cal, 

8. A lead ball, dropped from an aeroplane at a tempera- 
ture of 15°O just melts on striking the ground. Supposing the 
whole of its kinetic energy is converted into beat, find out the 
height cf the aeroplane at the momentthe rall was dropped. 
(Sp, ht. of load ='03 ; me ting point of lead=850°C ; latont heat 
of lead = 35 cal./gm.) (Gau. U.— 1961) 

Ans 19287 m. 


9, One kilogram of coal generates 1'7X10* calories of heat 
during combustion. Assuming that only jj of the energy 80 
generated is utl)ised for mechanical purposes, find the mass of ceal 
required per hour for running n 10 horse-power engine. (1h, p= 
146 X 10* erga por second ; J=4'2X 10" ergs/calorie.) 


Ans. 18806 kgm./hour. 


10. What is meant by ‘mechanical equivalent of heat’? In 
an experiment to determine if 800 gm. of lead sbot were placed 
in along card-bcard tube held vertically, the length of which 
was such that on reversing the tube the shot fell through 100 
om. The original temperature of the shot was 25°O and after 
50 inversions of tho tubo the temperature was found to bave 
risen to 28:840, Find J in erga per calorie. (Sp. ht. of lead= 
“081, g.=960,) (0. U.— 1950) 

Ans. 412107 orgs/cal, . 


1l. Mercury falls from a height of 50 metres in vacuo upon 
a perfectly non-conducting surface. What will be the rise in 
temperature after the fall, ifthe specific heat of mercury be ‘02 
and J=4°2%10? ergs per calorie ? (R. P. B.—1950) 
Ans. 5'84'Q À 
12. A cannon ball of mass 100 kgm. is projected with a 
velocity of 400 metres per sec. Find the amount of beat that 
would be produced, ifthe tall was suddenly stopped. (J=42x 
10? orgs por calorie.) (And, U.—1971) 
Ans. 1'905 X10* calories, 2 


* 
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18. A mass weighing 200 grammes falls from a height of 
300cm., If all the energy is converted into heat, find the 
amount of heat developed, (Mechanical equivalent of heat 
=4'2 x10" 0. G. S.) (Del. H. 8.—1961 ; O. U.—1960 ; 


Ans, 14 calories, 


14, A block of metal slides downa rough inclined plane, 
from rest at a point 10 metres above the ground. Just before 
teaching the ground the velocity of the block is 10 metres per 
second. If half of the heat produced by friction remains in the 
block, by what amount has its temperature been raised while 
sliding down? (Sp. heat of the metal—01) 

Ans. 0°057°C. 

15. A copper calorimeter weighing 200 gm. contains 280 
‘gm. of water. A mechanical stirrer isable to raise the tem. 
perature of water at the rate of 0'3°O per minute. Calculate 
the energy in watts used by stirrer. (Sp. ht. of copper —0'1 and 
J=4'9 joules per calorie.) (Mad, U.—1970) 

Ans. 6'3 watts, 

16. A bullet is suddenly stopped and all its energy is con- 
vorted into heat causing a rise of temperature of the bullet by 
100°C, If the specific. heat of the bullet ia 0'21, calculate tho 
Volocity with which the bullet was moving. (J=4'2x107 
erg./oal.) : (Raj. U.—1963) 

Ans, 42x10% cm,[gac. : 

17. Alead bullet strikes s target with a velocity of 200 
metros por sec. Oaloulate its rise in temperature, assuming 
that all heat developed ‘remains in the bullet, (Sp. ht of lead 
='03,) (P. U.—1962) 

Ans. 158°7°C. 

18. A lead bullet strikes against a steel armour plate with 
à velocity of 480 metres por sec. If the bullet falls dead after 
pe impact, find the rise in temperature, it being presumed 

hat the heat produced is equally shared between it and the 
target, (Sp. ht. of lend —'03 ; J=4'2x107 C. G. 8.) 

Ans. 40710, 

19. A lead bullet travelling with a speed of 200 metres per 
Second is brought to rest after hitting a target. Assuming that 
80% of the kinetic energy is converted into heat in the oullet 
itaelf, find the rive in tamporature of the bullet atter impaot, 
(Sp. ht. of lead="03 ; J—4'2x10' ergs/cal) (Nag. U.—1962) 

Ans. 126°9°O, 


20. Describe» method for the determination of the mecha- 
nical equivalent of heat and mention clearly the unit in which 
it is measured. (U.P.B.—1963 ; P.U.—1906 ; Nag. U.—1970 ; 

Raj. U.—1955 - B. H.:U,—1963 ;:0. U.—1959, '61) 


21, Describa how the mechanical equivalent of heat is 
determined by the frictional cone method. 
(Raj. U.—1963 R.P.B.—1961 ; U.P.B.—1961 ; Mad, U.—1972) 
22. A copper calorimeter of mass 122 gm. contain 1680 gm. 


of aniline oil which is stirred by rotating paddle requiring 
a couple of 10° dynes cm. to drive it, The temperature of 


` 


Ait, 120 


Art. 120 


Art, 120 


Art. 120 


Art, 120 


Art. 120 


Arta 
120 & 191 


Axt.4120 


Art. 120 
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= the liquid is raised O°C after 450 revolutions. Calculate the 
value of J. (Sp. bht. of anilina=0"5 and that of copper — 0095.) 
Ans, 415x107 erg/calorie. 
Art, 120 23. Describe Joule's method for detern ining the mechani- 
cal equivalent of heat. (Nag. U.—1961, '73 ; C.U.—1954 ; Del. 


U.—1963 ; Bom.U.—1973 ; Gau.U.—1961,'74 ; Poona U.—1963 ; 
pDel. H. 8.—1954) 


Arta. * 94, Whatis meant by mechanical equlyalent of hoat? 
119 & 120 Describe Searle's method of determining the same, precautions 

i to be taken being mentioned, (B. H. U.—1970) 
Art, 120 . 25. How much work must be done for supplying heat 


necessary to convert 10 gm. of ico at—5°O into steam at 
100°C) (Sp, ht. of ice 0'5 and mechanical equivalent of heat 


=4'2 x107.) (R. P. B.—1902) 
Ans. 380219 x107 ergs. 
Art. 122 96. Explain bow the difference of specific heats of a gas 


enable you to evaluate the mechanical equivalent of heat. 
(R. P. B.—1969 ; U. P. B.—1972) 


Art. 128 a7, Prove that 'Go- Cs - T, 
(M.P.B,—1962 ; U,P,B.—1965 R. P. B.—1968) 
Art, 122 98, Calculate the.value of the mechanical equivalent of 


heat from the following data for air :— 

specific heat at constant pressure =0'2375 cal. per gm. ; 
specifio heat at constant volume =0'1690 cal. per gm: ; 
atmospheric pressure in dynes per sq. cm. 17013 x 10" 


' and volume of 1 gm. of eir at N. T. ME d: 
gm. of air ai T. P. 000135, ^ 
Ans. “4°19 107 ergs per calorie. (U.P. B.—1959, '65) 
Art, 122 29. Specific beat of argon at constant pressure is 0'125:; 
calorie per gm., and at constant volume 0'075 calorie por gm. | 


Calculate the density of argon at N.T, P. (J =4'18 x 10") erg:/cals 
normal pressure —1*0p x 10° dvnes/rq. cm. (B. P. B.—1969) 


Ans. 1'8xX107* gm./c.c. 


CHAPTER X 


HEAT ENGINES 


123. Heat Engines--These are machines, by means of which 
heat energy i8 transformed into mechanical work. There are two 
principal types of engines, Viz.. (i) External Combustion Engine, 
and (ii) Internal Combustion Engine. Inthe former type, water is 
converted into steam ina chamber outside the working portion of 
the engine, while in the latter the fuel used to generate heat is 
either a gas or a liquid and the combustion of the fuel takes place 
inside the working portion of the engine. 

Conversion of Linear Motion into Rotatory Motion—If 
from a machine we can obtain a continuous motion, either linear or 
rotatory, it can be converted into any desirable type of motion, 
Almost in every class of engines, the primary object is to secure a 
rotatory motion of a massive wheel, called the fiy-wheel. From 
this fly-weel every other motion is derived by direct or indirect 
coupling processes. J 

Consider a heavy wheel W (Fig. 97) rigidly attached to a shaft 
and capable of rotation. One end of a stout metal rod R, called the 
crank rod, is hinged at one spoke of the wheel and its other end is 
also hinged at the end of B to another rod capable of moving to-and- 


Fig. 87—Piston rod and Fly-wheel 


fro within a cylinder. The hinged combination of the erank rod R 
and the piston rod at Bis known asa stuffing box. This second rod 
is provided with an air-tight piston P moving within the cylinder C. 
If now some force acting on the piston causes it to move to-and-fro 
within the cylinder, the link rod would rotate the fly-wheel continu- 
ously. All classes of engines are provided with such appliances. 

í 124, Steam Engine—The principle of the steam engine was 
invented by James Watt in 1758. Although many important 
improvements have since been introduced by Trevithick, Stephen- 
son and others, the fundamental features remain the same. : 
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The essential parts of a steam engine (Fig. 88) are a E d 
1) Boiler (L)—Here steam is generated by boiling water in & 
xd esal vosa over the furnace F in which coal is burnt, TE 
steam is led away by a metal tube into a chamber S called the 
steam chest. With the tube there is a regulating key M, by means 
of which the supply of steam into the chest ean be controlled, 
is i 8, into 
2) Steam chest or Valve chesi—This is a stout box ' 
MIC. steam is injected’ from the boiler through the pipe, It has 


WIT 772 
WW. 27727 
Fig. 88—Sectional diagram of a complete Steam Engine 


three Openings or ports ; the middle one E ig connected to the 
exhaust pipe, while the other two A and B lead into the cylinder C. 


the ports, The slide valve is Connected to the rod m through a 
stuffing box Os. The rod is finally connected to the eccentric disc 
X of the main Shaft R, 
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pressure within boiler the safety valve is a mechanism for the safety 
ofthe boiler. If the steam pressure goes above the safe limit, the 
valve automatically opens and a part of the steam escapes, the’pressure 
being thereby lowered, 

(8) Fly wheel W —It is a large wheel connected to the main shaft. 

Action—From the boiler superheated steam lat a very high 
pressure ( 20 atmospheres or even more ) is led through the pipe 
into the steam chest and thence into the cylinder C through any 
one of the ports say, the right side one [ Fig. 89 (a) ]. When the steam 
enters the cylinder, the slide valve covers the exhaust port and the 
left side port also, so that these two are put into ‘communication. The 
pressure of the sheam within the chest pushes the piston P within the 
eylinder along the left side, i 


SSS 


SSossSss 


TE, 
SS 7 
O 

od 


(a) Fig. 89 (b) 


The movement of the piston rotates the crank-shaft, through a 
half revolution whereby motion is communicated through the eccentric 
dise V to the valve-rod T (fig 88). The valve, therefore, automatically 
moves the opposite way. When the piston has come to the end of 
the cylinder, the valve covers the right side port and the exhaust, 
but opens the left side port [Fig. 89 (b)]. The steam now enters the 
cylinder through the other passage and pushes the piston in the 
Opposite way, until it almost comes to the other end; at the same 
time the exhaust steam goes out through the exhaust pipe. This 
operation is repeated succesively ; the slide valve opens and closes 
One of the ports alternately just at the proper moment, 80 that 
the piston moves to-and-fro within the cylinder. The to-and- fro 
motion of this piston is converted into 8 rotatory motion of the 
main shaft “through the crank. Twice during each revolution 
(ie, at the top and the bottom of each stroke ) the crank and the 
connecting rod lie along the same line, when the piston momentarily 
comes to rest and has no turning effect on the shaft: these are 
called the ‘idle centres’ or ‘dead points’. Again, at two points during 
each revolution the erank is perpendicular to the connecting rod, 
when the turning effect on the shaft becomes maximum. The 
shaft carries a large and heavy fly-wheel W which due to its 
large moment of inertia smooths down sŭy variation of motion of 
the erank shaft. 


s 
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From the boiler the supply of steam is regulated into the cylinder - 
by a valve known as the throttle valve, which is worked by a 
piece of self-acting machinery known as the governor. If the engine 
works too fast, the balls of the governor move upwards and pull 
down the collar and in doing so operate the throttle valve so as to 
reduce the supply of steam. The motion of the shalt may to 
communicated to any machinery by means of a belt passing over & 
pulley attached to the main shaft. The typo of engine described here 
is called a double-acting engine, for the steam acts alternatly on the 

two faces of the piston and thus produce a (o-and-/ro motion. Y 


Condensing and Non-Condensing Engines—The type of 
engine, for which the waste steam escapes through the exhaust-pipe 
into the open atmosphere, is called a non-condensing engine. Such an 
engine can be easily recognised by the puffs of exhaust? steam 
escaping into atmosphere at each stroke of the pisjon. In a conden= 
sing engine, on the other hand, the exhaust steam is led into a cham- 
ber called the condenser at lower pressure. The condensed steam 
in again used in the boiler. The efficiency of the condensing type of ` 
engine is greater. 

In a railway locomotive the the principle of working is similsr ; but 
thore are two pistons placed below the boiler, one on either side of 
the body of the engine. These pistons are connected by crank 
shafts to the large driving wheels and they move backwards and 
forwards alternately. The boiler has a large jire-box at the rear 4 
and a smoke-box at tho frontend, The boiler itself is composed of a ~ 
_large number of tubes, through which the heated gas from the furnace __ 
goes out into the smoke-box and finally escapes through the chimney. ! 

125. Efficiency of an Engine—It is measured by the ratio 
of the heat utilised or transformed into work in a given time to the 
total heat supplied by the fuel during the same time. This is more j 


oe 


often called thermal efficiency. If Q be the heat produced by the fuel 
consumed per unit, of time and W be the power developed (i, e. the 
amount of mechanical work done per second, the thermal officiency 
Y ia given by = j 
^ md 0851) — 
Thus 7 gives the fraction of the total heat conyerted into 
work and is always less than unity, The efficiency of the best type 
of steam engine is not more than 17%. The output energy is  . 
measured in terms of horse-power (H.P.). An engine is said to . 
- haye one horse-power when it performs 550 ft. lbs. of work per second 
- or 33,000 ft.-Ibs. of work per minute. Heat.that is taken in. may be 
k ien by the quantity of steam used in a given interval and by 
j ie initial and final temperatures and pressures of the steam. 
. The power developed by steam pressure inside the cylinder of the 
engine is known as indicated horse-power, which depends upon the 
mean effective pressure of the steam on the piston during a stroke, the 
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cross-sectional area of the piston, the length of the stroke and the 
number of strokes per minute. This power cannot he fully utilised 
by the fly-wheel, as by way of friction, weight of moving parts, etc., 
a certain part of this power is used up in the driving the engine itself. 
Thus the available power known a3 the brake horse-power, is always 
less than the indicated horse-power. The ratio of the latter to the 
former is called the Mechanical Efficiency Thus 
Mechanical Ettieieney =(100 x— brake horsepower — ) 
indicated horse power 

126, Internal Combustion Engines—In this type. the combus- 
tion of the fuel is carried out inside the engine cylinder. These are, 
therefore termed internal combustion engines. According to the 
nature of the fuel used, an internal combustion engine may be (1) 
a petrol engine or (2) an oil engine or a gas engine. 

Petrol engine—This is a &ype*of internal combustion engine, in 
which combustible liquids (such as petrol, benzene, etc.) are used as 
fuel It is commonly employed in motor cars and air-ships- 


pL Fett Logine M 


Fig. 90—A complete Petrol Engine. 


A complete picture of a petrol engine is shown in Fig, 90. The 
petrol is- stored in the petrol tank T, whence it passesinto a chamber 
containing float F, Due to pressure of the float and an automatic 
compressing pump (not shown in the diagram) the petrol is forced into 
the curburettor, The quantity of fuel admitted into the curburettor 
may be adjusted with a key Kı- Within the curburettor the petrol is 
vaporised and is mixed with a proper proportion of air. A regulated 
supply of the mixture, which forms the fuel passes through an adjust- 
able valve called the throttle valve Ke into the combustion chamber 
placed just above the cylinder OQ. In this chamber the ignition is 
caused by electric sparks from a plug M, the electric current being 
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supplied by a small dynamo called the generator (not shown in the 
diagram) which is driven by the engine itself. 1 

Inside the cylinder © an air-tight piston P works, The cylinder 
is provided with two inlet and exhaust valves I and E with projecting 
rods and operted respectively by the rotating cams A, and Ag 
which are driven by the main shaft. Each cam has a protruding end 
and is designed to rotate at half the Speed of the main shaft H. 
In course of rotation of a cam when the end points upward, it pushes 
the valve upwards and thereby the Corresponding valve opens. For 
other positions of the cams the valves are kept pressed on the holes 
by powerful springs S, and S,. Hence the opening and the closing 
of the valves are controlled by the motion of the piston. In order 
to prevent the cylinder from becoming too hot during the operation, 
it is surrounded by water-jacket, through which there is a continuous 
circulation of water (not shown in the diagram), 

The engine is called a four-stroke engine, since the supply of 
the fuel is made only once during the time the piston makes four 
motions—two forward and two backward. As the first successful 
gas engine was designed by Dr. Otto in 1876. the operation of the 
four consecutive strokes of the cycle is known as the Otto cycle, In 
a complete cycle the four strokes ocour in the following order :— 

(i) The Charging Stroke—The piston moves down wards, the 
inlet valve I opens and a quantity of the curburetted fuel mixture is 
sucked into the cylinder (Fig. 91, 1). 

(ii) The compression Stroke — The piston moves upwards, and com- 


presses the combustible mixture to about hth ofthe volume. Valves 


E and I both remain closed during the stroke and the temperature 
of the mixture rises to about 600°C, (Fig, 91, 2). At the end of this 
stroke the mixture is fired by a series of sparks fromthesparking plug. 
(ii) The Working Stroke— ‘ 
Due to the combustion much 
heat is developed. whereby the 
temperature inside rises to 
about 2000^0, and the pressure 
rises to about 15 atmospheres, 
Owing to the expansive action ' 
ofthe gas the piston is driven 
outwards with a Great force, 
both the valves still remaining 
closed (Fig 91. 3). This is the 
only stroke during which the 
engine does work. 
s. the explosive mixture 
re i i 
EE e for fall Fsp. 91— Fonr Cycles of Operatien 
of the explosion develops a little later than the sparkingof themixture. 
( Fixhaust Stroke—The piston moves upwards. The’ 


\ 
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exhaust valve E then opens and the spent products of combustion are 
forced out, the inlet valve I remaining closed (Fig. 91.4). à 

After the exhaust is complete, the initial condition is attained 
and a fresh cycle begins anew. As the engine receives energy only 
during the working stroke, the fly-wheel must be heavy, 80 that the 
inertia gained by it during this stroke will maintain the speed without 
any appreciable loss during the next three strokes. In Fig. 90. the 
fly-wheel is replaced by a heavy counter-weight W attached to the 


* opposite end of the shaft. 


In a motor car or aeroplane a petrol engine is provided with a number 


of cylinders, the number being a multiple of two ( generally, four, six 
eight or even more). The 


pistons ofall'thecylinders 
work on the same shaft 
and thereby increase the 
working capacity lor the 
horse-power of the engine. 
The arrangement of the 
different parts in a motor 
ear engine is exhibited in 
Fig. 99, wherein A and B 
represent the two cylin- 
ders, M and N the piston 
rods, KSLQ the main 
shaft, W the fly-wheeland 
E Rhe radiator of water 
circulation system. Since such a type of the engine requires to be star- 
ted by external agency. H is the handle, by the rotation whereof the 
engine is started. There is also an electrical arrangement to give 
the first start of the engine ; this is called the self-starting swtich. 


127. Oil Engine—It is a type of internal combustion engine 
using as fuel an explosive mixture of air and some oil, The oil is 
admitted in the form of spray into the vaporiser which is a red-hot 
metal tube. Into the vaporiser air also is admitted. The oil evapo- 
rates, mixes with the air and explodes at suitable intervals. In this 
ease four-stroke cycle also works. In a special type of machine, 
called the Diesel Oil Engine after the name of inventor, the cycle 
undergoes the following modification :— 

During the first stroke a requisite quantity of air is sucked within 
the cylinder. During the second stroke the air is very strongly 
compressed, 80 that great heat is developed within the cylinder and 
the temperature rises to about 1600°C. At the begining of the third 
stroke oil spray is injected at a very high pressure into the cylinder 
containing the highly compressed and intensely heated air, The 
mixture catches fire and burns non-explosively, maintaining praeti- 
cally a constant pressure. During the fourth and the last stroke, as 
usual, the burnt gas is forced out of the cylinder. 

The efficiency of the engine is very high. being about 70 per cent. 


Fig. 92 — View of Motor Car Engine 
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Adapted to a wide range of fuels from kerosene to tar spray, it is 
"very economical. In submarines, in many merchant vessels and for 
various purposes on land oil engines are used. 

Gas Engine—It works similarly as a petrol engine and employs 
‘as fuel a mixture of about 1 part (by volume) of coal gas and 8 parts 
of air. The same four-stroke cycle works and the valves are operated 
in the same way by cams and spring which regulate the inlet of the 


mixture and the exhaust. The firing of the gaseous mixture is effected « 


within the cylinder by contact with the walls of & red-hot porcelain 
‘ube or by electric sparks occurring at properly timed intervals. 
The engine is also cooled by water flowing through a jecket round 
the cylinder, 

Comparison of a Gas Engine and a Steam Engine—The efficien- 
ey of a gas engine is higher than that of a steam engine and is often 
as high as 70 per cent, while that in a steam engine the highest value æ 
„is about 17 to 20 per cent. The former is much free from smoke, 
‘occupies smaller space and may be speedily started. But the fuel (gas 
or gasoline ) used in the former is comparatively expensive. 


Examples : 


1. A petrol engine uses every hour 11b. of petrol which produces 22,000 B. Th. 
U. of heat and has an efficiency of 60%. What is ita H. P. ? 
[Gan- U.—1963] 


OntputenerRY So in this caso the 


Ans. We know that efficiency =100x 


input energy ` 
«utpat energy x 22,000 B. Th. U. per hour-13200 B.Th. U. per hour= 
13200 x 778 ft. Ibs. of work por hour. 
Now 18200x 778 ft-lbs, per hour = 200x778 {t,-Ibs, per sec. 
Since 1 H. P. —550 fi. lbs, por sec. the output H. P. of the engine 
Lo 1800x718 pig 
60x 60 x 550 * 


2, In drawing a train of weight 210 tons over a distance of 1 mile, the 
rosisting force being equal to 95 lbs. perton,an engine consumes 80 lb. of coal. 
"The calorific valne of a particular sample of coalis such that 11b. is capable of 
"converting 15 lb. of waterat 100°O into steam at the same temperature, Find 
the efficiency of the engine, (Latent Hoat of stsam=536; J=1400 ft-lb. 
"degree centigrale.) 

Ans. The total resisting force (35 x 240) Ib. 


.* in moving the train through 1 mile the work dono=(35 x 240 x 1760x 3) ft.- 
Abs. Also heat Q developed by the consumption of coal =(15 x 536 x 80) calories. 
wW 35X 240x1780 x 8 
Hence the efficienc = = e zz i ` 
Money T= FQ" MOUX19x830X80 — ther 49% 
9. A motor car uses petrol whose calorific value is 11X10* B. Th. U. 
ree cry Bunntog at 24 miles an (ous during which the average output is 
s r covers on an average 20 miles ti lon. i 1 
orts car o the gallon, Find the overall 
Ans, Work done =(10 x 550) ft.-Ibs. per sec. 
consumed per hour =(24+20) gallons 7 11 gallons. 


HEAT ENGINES 


a 


.. heat energy given per see - (5x = x11x10:) B. Th. U. 


5 3600 
1* 


,. mechanical energy given per sec. -(¢ * S500 11104 x 778 
= e-em 


work done 
energy given 
.,5500x 5x 3600 

11x10* x6x'718 


EXERCISES ON CHAPTER X 


Hence the required efficlenoy= 


1. Dascribe tha principle and action of Steam Engine, 
giving a sectional diagram. (V. U.—1954 ; Del. U.—1963 ; 
U. P. B.—1960, '65 ; O. U.—1957 ; Del. H. 8.—1970 ; E. P. 
U.—1962 , Pat. U.—1904) 

9. Describe with a sketch the principle underlying the 
construction of a Steam Engine and point out the transfor- 
mations of energy which occur. (Utkal. U.—1957, '59, "12) 


3. Describe with a near diagram any form of a modern 
Petrol Engine. How does it act? | (U.P.B.—1904 ; Q.U.— 1960, 
62, '68, ; Gau. U.—1960, "12; E. P. U.—1962) 

4. Doscribe the working of the internal combustion engine 
with diagram, (Dac. U.—1962: U.P.B.—1967 ; B.H.U.—1960) 

P. A 88 H. P. engine consomes 22100 gm. of coal per hour. 
What proportion of the coal is wasted ? “The calorific valno of 
coal is such that 1 gm, of coalcan convert 16 gm. cf water at 
100'0 into steam at 100°C. (1 H. P.=746 X 10" ergs per seo. and 
J=4'2 x 107 args per calorie ; latent heat of steam =536.) 

Ans. 0'9 

6. A steam engine burns 100 gm. of coal por minuto; ihe 
calorific value of the coal being 6000 calories per gm. * "The 
engine is used to turn a wheel, around which passes a rope that 
lifts a weight of 140 kgm. ‘Tho wheel makes 30 revolutions per 
min, and its radius is 10 om.Find the efficiency of the macbine. 

Ans. 5°1%. 

7. What is a Heat Engine? Describe the construction 
and working of an external combustion engine and derive an. 
expression Tor its horse-power. (Raj. U.—1963) 

8. What is tbe essential difference between a steam 
engine and an oll engine ? 

(Raj. U.—1965 ; E. P. U.—1970 : 0, U.—1958) 

. 9. The combustion of 1 pound of coal results in the evolu- 

tion of 14,000 British Thermal Units. Whatis the efficiency 

ofa steam engine pnmping plant which consumes 20 pounds 

of coal per hour and raises each minute 20,000 pounds of water 
to a height of 12 ft. 7 


Ans, 66%, 


—=0'193,=19'3%- 
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SOUND 


CHAPTER I 
PRODUCTION OF SOUND 


1. Definition—The term Sound is used to signify the sensation 
received by means of human ears, Also if refers to the external 
cause which produces such sensations, The branch of Physics, which 
deals with the production and propagation of sound, is commonly called 
Acoustics. 


5. Production of Sound—It is a common experience that all 
material objects, when properly struck, are capable of producing 
sounds. The most commonly ayailable soundirg bodies possess 
shapes which may be broadly classified into any one of the following 
types—a string, a reed, a bar, a plate and a diaphregm. But, in 
all cages, whenever any type of them emits sound, it is in a 
state of rapid vibration. This is evident from the following experiments, 


Vibration Of Stringed Instrwment—Stretch a string tightly 
between two posts on a table 
(Fig. 1). Pluck the string 
at the middle part. A note 
isi heard and at the same 
string appears to be hazy and Fig. 1—Vibrating String 
drawn out. If a small paper rider be placed on the string while 

emitting sound, the rider flies away. On touching the 

string the haziness of the string disappears and the 

sound ceases. This demonstrates that a string in a 

be state of vibration produces sound. To this class belong 

all kinds of stringed instruments, viz, violin, harp, 
sitar, etc. 

Vibration of a Bar—Clamp one end of a metal bar 
to a rigid support, such asa vice. Draw aside the 
other end of the bar and then release it, A dull sound 
is heard and at the same time a blurring of the free 
end is. observed. This shows that the rod vibrates 
Fig, 2 while emitting sound. 


The most usual source of uniform tone in the laboratory is a 
tuning fork. A tuning fork is a steel bar bent in the form of U 
with a stout metal stem at the, bend ( Fig. 2). 

Take a tuning fork and strike it with a padded hammer. It gives 
out a uniform sound. Note that the projecting ends of the fork 
appear blurred. This is due to the rapid torand-fro motion of its 
projecting ends. Bring a suspended yithball to touch its end, The 
pithball is found to jump aside as it touches the tuning fork. Now 
touch the ends of the fork with fingers; the blurring disappears and 


Pt, 1/S—1 
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the sound ceases immediately. This proves that the fork while 
producing sound is in a state of rapid vibration. The vibration, however, 
gradually dies away and the sound grows fainter. 


In order to produce a continuous sound, a tuning fork may be 
run by an electro-magnet. A short electro-magnet M is fixed symmetri- 
cally within the space between the prong; ( Fig. 3 ) There are gaps 
between the pole-pieces and the prongs, which are suffi sient for 
allowing free vibrations of the fork. One end of the coil carrying 
the electromagnet M is connected to the stem through a battery 
of cells B, and the other end to an adjustable screw head K. The 
screw terminates in a platinum point which just touches a light 
metal spring S attached to a point. 


In order to start the action of the fork, the screw is made to 
touch the spring. when electrical 
contact is established. ‘The 
electro-megnet on being excited, 
attracts the two prongs which 
tinultaneously swing inwards. 
The electrical contact is thus 
broken and tbe electro-magnet 

~ is demegnetised. Being released 
from the pull, the prongs swing 
back, when the circuit is again 
completed. In this way a con- 
tinuous vibration of the tuning 
fork is maintained so long as 


_Fig. 3—Electrically Driven 
Tuning Fork 
the electrical circuit is: complete. 


Vibration of Pipe Instruments—A pipe can also be made to produce 
a sound. To this class belong flute, flageolet, piccolo, etc. The simplest 
instrument of this type is an ordinary organ pipe which, consistsrof 
a smell tapering tube ( Fig 5) connected to another 
larger hollow pipe of a circular or rectangular cross- 
section. The other end of the pipe may be open 
or closed. Within the larger tube there is a prism- 
shaped partition wall S almost covering all space 
except & narrow opening, which connects the inside 
and the outside air. Just near the opening a part 
of the outer wall of the tube projects and has a 
bevelled appearance. This is called the lip L 
of the organ pipe. 

When air is forced into the tube at the narrow 
end, it escapes through the orifice and produces 
sound If a small flat dish containing a little sand 
be lowered into the pipe, while sound is being emitted, 
it is found that sand particles begin to dance at 
some fixed places of the pipe. This shows that air 
within the pipe yibrates at some definite regions Fig. 4 
producing sound, 
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Vibration of Reed Instruments—To the class of reed instruments. 
belong clarionet. aboe, harmonium, ete. A simple reed is shown 
in Fig. 5. The air is forced into a rectargular sir chamber through 
an opening, at one side of which there in attached a thin meteh 
foil called the reed. In course of streaming into the pipe the air 
periodically presses agsinst the reed which is thus made to vibrate 
rapidly. A magnified figure of reed, fixed to the sir chamber, is- 
shown in Fig. 6. If the reed is touched while sound is being emitted, 
the sound stops. This skows that while producing sound, the reed! 
is ina state of vibration. 


Vibration of a Bell Jar—In addition to these, there are other’ 
sounding bodies such aa bells, plates and diaphragms To show the 
vibration of a jar while producing sound, take a glass jar and pour 
tome water into it. Suspend one or two pithballs from a suitable stand 
S0 as to touch its 
rim (Fig. 7). Bow 
at an edge of the 
jar when a peculiar 
note is heard. Water 
within the jar is 
also thrown into 
violent agitation and 
the pithballs keep on 
jumping aside. This 
indicates a rapid 
vibration of the jar. 

To produce soun 
from a gong or & Fig. 5 Fig. 6 Fig. 7—Viabration of a 1 
bell, it requires to $ 
be struck with a hammer. The process of hammering gives the gong 
a violent blow. Due to this the gong is thrown into vibration and it 
emits a note. The vibrational sensation of a sounding bell may be 
felt by lightly touching it with fingers. Sounding of drums is an 
example of vibration of diaphragms. Hence we may conclude that. 
while emitting sound, all bodies must be ina state of rapid vibration.. 
Even massive bcdies (og. a table or the walls of a room) may be set: 
into vibration. The branch of Acoustics deals with the mechanics B 
vibrations of various bodies producing sound, 

3. Propagation of Sound: Medium necessary—In order that: 
sound may propagate from one place to another, some sort of æ 
material medium is always necessary. The following experiment helps 
to understand the fact. R 

The Bell Jar Experiment—A electric bell is suspended within æ 
glass jar by two metal rods, which project outside. These are fitted 
with binding screws. On connecting the terminals of a battery of 
cells fo the electrodes, the bell operates (Fig. 8). The jar can be 
placed on a round table which acts as the receiver of an air pump. 
When the bell works within the jar under ordinary conditions, a 
distinct- ringing sound is heard. On gradually evacuating the receiver 


| 
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the sound grows fainter and fainter. When it is almost completely 
exhausted of air, the sound is almost inaudible.* 

It now air is slowly re-admitted into the receiver 
by partially opening the stop-cock which is fitted with 
the pipe, the sounds becomes gradually stronger, till 
when the jar is again full of air, the original sound 
is regained. Tae air surrounding the electric bell is, 
therefore the medium, through which sound i3 
conveyed. 

If the jar be filled with any gaseous medium or a 
liquid or a solid, the sound of the bell is heard. This 
proves that not only air but also any material 
medium (either a solid or a liquid) can transmit sound 
more or less. If the above experiment be repeated with the jar filled 
with carbon dioxide in place of air, similar result will be obtained. 
Any sound made in water is distinctly audible to a person under 
‘water at a distance, Bound of the rotating propeller of a ship can be 
heard from a submarine miles away. Again, if a watch is placed 
‘on ona end of a long table, the tickinga can be heard when the ear 
is placed in closed contact with the wood at the other end. In fact, 
any medium that possesses eontinuity of structure and elasticity, can 
transmit sound through it. 


4. Motion of Medium in Propagation of Sound—We are now 
to investigate in what manner sound travels from one point to another 
in a medium. We may make a preliminary conjecture by considering 
the following probable methods of propagation. 

(1) The medium moves bodily from one region to another, carrying 
eund with it, just asa railway compartment carries passengers 
from one place to another. 

(2) Or, the: medium as a whole is (stationary, but sound is 
transferred from point to point within the medium due to some motion 
within it, somewhat like the motion of wave over the surface of 
water. Here the mass of water as a whole does not move; but the 
motion is conveyed by the up-and-down motion of the waves. The 
following experiment supports the latter view. 


à «ad = a 

ollow pipe (Fig. 

9), about 6 feet A A B, F 

long and having EIER : i> ¢ 
LIU 


& diameter of 2 E 
to 4 inches. One 
of its ends is 


provided with a Fig 9—Propagation of Sound 
conical mouth-piece with a gradually tapering end F. It is held 


* A faint sound is heard even when the inside of the receiver is nearly 


. The reason is that sound 1 
Mes tao alo. partly finds its way through the material 


ndn. 
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horizontally and some smoke is introduced into it through the 
wider end A. A lighted candle C is placed in such & way that its 
fame is just against F. On smartly clapping two blocks of wood 
near the end A, asound is heard and the flame is found to be ducked 
immediately, but the smoke is not forced out, This indicates that 
a momentary disturbance passes through air without, however, 
causing it to be pushed out. Such a motion of the disturbance 
constitutes the propagation of sound in air. More about such’ 
motion would be considered in the next chapter. 


EXEROISES ON CHAPTER I 


Reference 

1, Describe experiments to show that it is the mechanical Art, 2 
vibration which produces Bound. (Pat. U.—1963) 

2. Draw a diagram to show the working of an eleotrically Art, 2° 
driven tuning fork, (Raj. U.—1959) 

9, Explain why a medium is necessary for the propagation of Art, 3 

sound and describe any experiment to prove the statement. 

(0. U.—1953) 

4. How can you show that there is no translatory motion Art, 4 


of air during the propagation of sound through it? 


CHAPTER II 
WAVE-MOTION 


5. Periodic Motion—A particle is said to execute a periodic 
motion when after each equal interval of time it occupies the same 
position having an equal velocity in the same direction. The earth 
has a periodic motion round the sun, the period of rotation of the earth 
being one year. A uniformly rotating pcin on a circular path is 
another illustration of a periodis motion. It has been seen in Art. 2 
that all bodies emitting sound are in a state of rapid vibration, 
Sounding bodies execute periodic motion. We shall now investigate 
the simplest type of periodic motion, which is called the Simple 
Harmonie Motion. 

6. Simple Harmonie Motion—A very common illustration of 
simple harmonie motion (abbreviated as S.H.M.) is the molion of & 
simple pendulum for small oscillations. The motion of a particle is 
said-to be simple harmonic, when it oscillates periodically in a straight 
line under the action of a force which is proportional to the distance 
of that particle from a certain fixed point in its course, the direction 
of the force being always towards that point. 

Let a particle at M, possessing some initial kinetic energy, be moving 
towards A’ along the line AA’, Suprose that the force acting upon 
the particle is directed towards a fixed point O ard is proportional 
to the distance of the particle from this point. As!the particle 
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eontinues to move towards A’, this forca gradually increases in 
proportion and retards the velocity of the particle. Ultimately the 
——— —,  partiele would reach an extreme 


A 0 M A position, say A’, where it would lose 
€--Xo> all kinetic energy and would be at 
Fig. 10 rest fora moment. But here the force 


upon it towards O is greatest. Due to 
Ghis i5 begins to move in the direction A'O. As ib moyes nearer and 
mearer to O, its velocity is gradually increased. When it ultimately 
comes to O, its velocity is greatest and owing to inertia it swings 
past this point along the direction OA. On crossing the point O along 
OA the direction of the force is now reversed, because the body is 
now on the other side of O. Its motion now gets gradually arrested 
mutil it is brought to rest ai some point A. Due to the absence 
of any other force considerations of symmetry suggest that OA is 
slearly equal to OA. From the point A again, it will move in the 
direction AO and for a similar reason travel up to A’. Thus the 
particle will continue to oscillate backwards and forwards about 
‘its position of equilibrium. This type of motion i3 called Simple 
Harmonic, 
Motion of a Simple Pendulum—The nearest approach to an 
8. H. M. is the motion of simple pendulum for small oscillations. Let 
O be the point from which a spherical bob of mass m is suspended 
-by a light inextensible string (Fig 11). The equivalent length of the 
pendulum is the distance between O and the centre of the bob, When 
the pendulum is at rest at A, the tension of the string balinces the 
weight of mass m, and so this is its position of stable equilibrium. 


When the bob is so displaced that the 
string makes a small angle 0 to the vertical, the 
tension of the string and th» weight of the bob 
are not acting in one line. These two forces 
would produce a resultant motion of the bob. 
"To find the resultant force we can proceed 
from the following simple consideration. In the 
displaced position the tension T of the string 
‘balances the component of the weight mg of the 
ibob along BE, which is OB produced. 


4. T=mg cos 0. 


The only effective force is, therefore, mg sin 0 
acting along BD. Since 8 is small, not being ~ 
‘much greater than 4°. B 
^ AB displacement E 
sin 0 =0 = 2 = —_ L 
OA length of pendulum ` mg 


‘Hence the effective force = bs X displacement UEM 


AL OMS RET 
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e SEN that the motion of the simple pendulum is simple 
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7. Geometrical Representation of S. H. M.—The nature of 
Simple Harmonie Motion may be conveniently represented by the 
following geometrical method. Imagine a point P to. be moving 
uniformly on a circle (Fig. 12) and let this rotating point start from 
the position Y' in an anti-clockwise direction (Fig. 12, i). 

() Gi) (ii) (iv) 


w) (vi) (vii) (viii) 
Fig. 12—Various Positions of a Particle executing S. H. M. 


On any diameter XX’ drop the perpendicular PM from P 
(Fig. 19. i). As the point P revolves in the direction of the arrow- 
head towards X, the foot of the perpendicular M also moyes along 
the diameter from O to X. This is illustrated in Fig. 12 (ii) by an 
intermediate position at Ps, the corresponding foot of tbe perpendi- 
cular being My. Thus when the point P moves from Y' to X, M 
also moves from O te X (Fig. 12, iii). When P has crossed X and 
moves over the aro XY, the foot of the perpendicular moves from X 
towards O in the reverse direction as shown in Fig. 12 (iv). When 
P has come over to the position Y, its foot is again at O but tends 
to move in the opposite direction (Fig. 12, y) In this way, it is 
easy to follow that during the period the point P has completed 
one revolution round the circle starting from Y’, its foot M on vox) 
has undergone one oscillation about its position of equilibrium O. 
Thus while P rotates contincously over the cirele with a uniform 
speed, the point M oscillates to-and-fro along the diameter XX’. 

This circle is known as the cirele of reference and the rotating 
point is called the generating point, its motion in the anti-clockwise 
direction being taken positive. The centre O of the circle is taken 
as the origin of the rectangular Cartesian co-ordinates, 

It T be the period of revolution of the point, the angular velocity 
o of the radius OP is given by w=2a/T + Ls isd (7, 1) 

The number of revolutions per second of the generating point over 
the reference circle is called its frequency; it is denoted by n. 
Plainly, then, »=1/T. 

MULA E see se oes (7, 2) 
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It is clear that the number of complete oscillations of the particle 
M would be identical with the number of revolutions of the generat- 
ing point P. Hence the frequency is also defined as the number of 
complete oscillations of the particle per second. 


8. Analysis of S. H. M.—The instantaneous displacement, velo- 
city and acceleration of a particle executing simple harmonic motion 
can be deduced in the following way : 


Displacement in S. H. M.—The displacement at any instant of 
a particle executing S. H. M. is its distance from the position of 
equilibrium at the instant. Record the time from the instant the 
particle M passes through O in the positive direction (Fig. 13). 
Suppose that in time ¢ it moves to an assigned point M. Then its 
displacement is OM. 


In order that the foot of the perpendicular may have travelled 
from O to M, the generating point itself has moved from B' to P 
over the circle (Fig. 18). Let the angle B'OP the equal to 6. 


-. the displacement OM=2=OP sin 6. ..(8, 1) 


It is evident from (8, 1) that the displacement # depends upon 
the angle 0, Hence as the point P rotates, @ changes. Thus the 
displacement attains at A a maximum yalue which is positive in 
sign when 6=90" and at A’ a minimum value which is negative in 
sign when 0-270". The maximum displacement from the equilibrium 
position O of the particle is called the amplitude of vibration. 


Thus OA=the amplitude=a, say. 


Since 0= wt x = Jani, it follows that 


2-6 sin 0=a sin at 
| (8, 2) 


=a sing =o sin 2an 


Any one form of the above expressions re i e- 
ment of the particle at a time ¢, F uf er i a 


3 5 hom gii a time a recorded from where the generating 
point passes through any other point P’ (Fi if i 
to P in time t, then L POP =01, £0 Pat PANNE E os qoa 
ZBOP- ZP'O0P- Z POB-oi- «, 
Accordingly, 2 ^a sin (vt —4). (8, 3) 


Velocity in S. H. M.—The velocity of a particle executing an 
8. H. M. changes from point to point in the path, attaining a 
maximum value while passing through the origin. At the extreme 
ends of the swing it comes momentarily to rest while changing its 
direction of motion, The velocity of the particle at any instant 
may be found with reference to the generating point P which is 
revolving round the circle at constant speed v, say. If the angular 
velocity be w and the radius of the circle be v, then vao. 
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At any instant the generating point P has a tangential- velocity 
v along the tangent PT of the circle (Fig. 14). The component of 
this velocity parallel to the direction A'A is the velocity of M. along 
A'A. Draw PV parallel to A'A. Then ZVPT= Z BOP -6. 


Fig. 15. 


Fig. 18 Fig. 14 


Therefore the component of velocity along PV is V cos Z B'OF- 
So the velocity of M at that point is given by 


v=a@ cos @=a® cos ot. oe ---(8,4) 
It is now clear that n í 
(i) When 0=0°, velocity =a, being maximum 
along the positive direction ; 
(ii) when @=90°, velocity =0, being minimum ; 
(iii) when 8-180, velocity- —a^, maximum along the: 
negative direction ; 

(iv) when 6=270°, velocity =0, being again minimum ; 


yelocity =aw, being once again maximum 
along the positive direction. 

Thus during one complete period of revolution the velocity is zero 
at either end of the swing and is maximum. when passing either way 
through the origin. 

Those, who are acq 
will find it very easy to 
erresponding displacement T, 


and (v) when 6=360°, 


uainted with rudiments of Differential Calculus, 
find instantaneous velocity v from the 
jn the following way. Displacement being; 


v; corrsponding velocity e [a sin of]=aw cos wt. — (8,5) 
Acceleration in S. H. M,—Since there is a change of velocity 
from point to point of the particle executing S H. M., it must have 
a certain acceleration at any point in its path of motion, When the 
generating point P moves uniformly over the circle of radius a with 
a velocity v, it is shown in Dynamics that the point has got an 
acceleration f directed always towards the centre. the magnitude of 
which is v*/a. The component of this acceleration paralled to A'A 
is the acceleration of the particle M (Big, 16). 


Suppose the generating point occupies the position P at a time i. 


The acceleration of the point is directed towards O. The component 
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of this acceleration parallel to A'A is along PF, which shows that 
the particle M has an acceleration directed towards O. 


2 
The component of the acceleration along PF is = sin ZBOP. 


2 
.". the acceleration of M is given by f= Sa sin 0. 


Now since v=av; f= —w°a sin 0— —o*a sin wt. Pee .(8,6) 


The reason why the negative sign is affixed to the expression is 
that the acceleration of M takes place towards the point O, just 
opposite to the direction of A along which displacement increases. 

It follows from (8,6) that when #t=0°, 360°, etc., the acceleration 
f is zero, Again, when wt=90°, 270°, ete., f is maximum either 
along the positive direction or along the negative direction. 


The force acting on the particle M of mass m af any instant is 

given by 
mf = — mo*a sin 0 
= — mw” x displacement at that instant. = ...(8,7) 

Hence force = displacement. 

As this is the essential condition of S. H. M., the particle 
‘executes Simple Harmonie Motion, and the relation (8.7) is charac- 
teristic of 8. H, M. 

: In case of acceleration also, the expression can be obtained from 

Differential Calculus in the following manner. We know that the 
velocity expression is given by v= aw cos wt. 
dv d. 
dt dt 
the same equation of as that obtained in eqn: (8, 6). 

Phase in S. H. M.—The phase of an oscillating particle is the 


factor which determines its position and velocity at any instant i 
its path. It is generally expressed— sf em 


either (i) by the angle traced by the generating point with 
reference to one of the co-ordinate axes, as in the first form of the 
equation (8,9). 

or (i) by the fraction of the period elapsed since thi ticl 
‘passed the equilibrium position as in the other three ane za the 
self-same equation. 

The phase of the particle at tha instant, from which ti i 
recorded is called epoch. Thus in equation (8,3), i $0; the 
phase is —4, which is the epoch, The algebraic sign of the epoch 


may be positive or negative depending upon th iti 
particle from which time is counted, i ME Rer du. 


Examples ; 


l A particle is revolving in a verticle circle 
of radius 2 foot at the rate of 
400 revolutions per minute. Find its period and angnlar velocity. Also obtaln uu 


Now acceleration f= [aw cos ot] - —ao* sin of, which is 


T9 WAVE-MOTION il 


lon connecting the time and displacement of the foot of the perpendicular 
pped from this particle on a horizontal diameter of the circle when the time 
reckoned from the topmost position of the particle. 


Ans. The frequency ^ of the particle=400 cycles per mine 2 per sec. 


1_3 
i dod T5 =~ gec.- 0" i 
the period T a0 sec.=0'15 sec. 


Also the angular velocity w=2rn= G x814x $) radlans[sec. —41'86 radians/sec. 


=2400° per seo. 


The amplitude a is always equal to the radius of the reference circle. 
Hence a=2 ft. For /-0, the particle is at the topmost position of the circle 
bea» perpendicular dropped from it would haye its foot at the centre of the circle, 
‘Hence at the instant ¿=0 the displacement of the foot z-0. This can only 
eid when of all the expressions for S. H, M., cholce falls upon the equation 
@=2 sin wt, 


By substitution we get «=2 sin Ort 


'ü. The time displacement equation of a particle executing an B. H. M. is given 
‘by 2-3 sin 104. Find its amplitude, frequency and maximum velocity while 
passing through the centre of the path. 

Ans, Blementry Trigonometry suggests that the maximum value of the 
Sine of an angle is=1. Hence the maximum value of the displacement v, (i.e. the 
amplitude) is 3, in whatever unit of length it is expressed. From the equation it 
ds noticed that. 


Qrn=w=10, Hence the frequency n=2= du cycles/seo,—1'59 cycles/seo. 
Further, the maximum velocity attained is =aw=(8X10) or 30 units of length 
per second, 


9. Graphical Representation of S.H. M.—Since the displace- 
ment of a particle executing an B. H. M. changes with time, we can 
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Fig. 16—Graphical representation of S. H. M. 


represent graphically the relation between the time measured as a 
fraction of the period and the corresponding displacement. Let the 
particle o3ciilate along the line BOB’ having an amplitude OB or 
OB' (Fig. 16). Take the period to be T. Draw a circle with BOB 
as diameter: Now assume that on this circle of reference a point is 
revolving uniformly with a time period T, Divide the circumference 
into any number of equal parts (say, m) For the sake of convenience 
and simplicity take m to be a multiple of 4. 
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Draw a diameter AOA’ perpendicular to BOB’. Produce AA’ to & 
point X and mark two points R and L on this line ai a convenient 
distance. Divide the length RL into m equal parts. Let the line 
RL represents the time axis with a unit of T/m; From R draw the 
perpendicular RY, along which the displacement of the particle 
executing S, H. M is to be measured. Represent the positive and 
negative displacements by ordinates drawn above and below this line. 
In this particular case as shown in Fig. 16, m is taken as 12. 


Referring to the S. H. M. along BOB’, we record the time when 
the particle is passing through O along the positive direction. On the 
reterence circle the corresponding point is A when $£—0. So for zero 
time, there is no displacement. After a time T/12 the particle on 
the reference circle is at P, where arc AP is ysth the circumference 
of the circle, Through the point 1 representing 1/12 on the axis 
RX draw a perpendicular in the positive direction and through P 
draw the line parallel to RX. Let these two lines meet at S. Then 
S is the first point on the time-displacement graph. The next 
position of the reference point after an interval 1/12 is the point 
Q and the corresponding time on the line RX is at 2. Draw two lines 
through the points marked 2 and Q so as to meet at U.. "Then U is 
the second point on the graph. In tbis way we get points H, V, W, 
eic. During a complete period if such points are joined in succession, 
a complete sine-curve RHZL (0° to 360°) is obtained. 


The nature of the time-displacement graph does not depend on 
the direction of vibration of the particle, since displacement in the 
positive direction is to be designated by a perpendicular standing 
aboye the time axis, and a displacement in the negative direction by 
a yerpendicular below it. 


10. Motion of Wave—When a particle of an elastic material 
medium is displaced slightly from its position of resi and then released, 
it begins to oscillate due to its inertial and elastic properties. This 
particle is bound to all other particles around it by a kind of a tensile 
foree and the neighbouring particles behave as though they were 
fastened to it by elastic threads. Consequently, in course of vibration 
this particle makes its neighbours execute a similar motion. When 
suzh a state of motion is handed on by a particle to its neighbours, 


the process of transference is called a wave-motion. There are, in 
general, two kiads of wave motion, 


Transverse Wave-motion—The most familiar example of the 
wave-motion is the motion of waves on the surface of water. Fig 17 
represents a rectangular vessel partly filled with water and provided 
With a flat piece of wood S at one end. The plank may be periodi- 
cally moved up and down so as to generate a series of waves as shown- 
The topmost position of a wave is called a erest and the lowest 
position is called a trough. The distance between two successive 
crests equals the distance between two successive troughs. The 
length (such as AC) occupied by crest and a trough is one waves 
length and is denoted by A. The inherent tendency of such & 
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group of waves is to move away with its characteristic form 
unchanged. At some 
particular instant the 
position of & wave is 
denoted by the form 
APCDE (Fig. 18); but 
at a subsequent in- 
fant the wave moves 
forward to occupy 
j the position a p c d 

Fig. 17—Water Waves e. In this way the 
wave with its form unchanged moves continuously over the surface of 
water with a definite velocity. 


Now imagino that a very light object (e.g, a piece of cork) is 
flouting on water. When the waves pass by, this object continues 
to move up and down. On examining minutely it is found that 
during the time such a wave moves through a distance from one 
crest to the next, or from one through to the next, the small floating 
object would once move up and down. The time required for 
the particle to move once up and 
down is called the period of the 
vibration or of the waye passing 
through the particle. Hence we 
may also define the wave length 
as the distance traversed by the 
wave in one complete period of 
the wave. Thus the particle, Fig, 18 
which ‘vibrates times per second, 
would transmit n waves through ib in one fecond, each of length 4. 
Hence the velocity V, with which a motion is carried through any 
point of the medium, would be mà per second. So that V=nd. 

Therefore, & wave-motion in which any particle in the path of 
wave oscillates at right angles to the direction of motion of the 
wayes, is called a Transverse Wave-motion. Propagation of trans- 
verse waves may be examined along a thin uniform rope hanging 
freely from a support. If the support be given a slow periodic 
motion in a direction at right angles to the length of the rope, the 
gradual progress of the transyerse waves may be studied from point 
to point. 

Another familiar model for the d-monstration of transverse wave 
propagation is chown in Fig. 19. A number of straight and parallel 
rods, each provided with a small ball at the top and resting cn an 
eccentric wheel, is fitted to a stand. Each rod passes through a 
tole of a crosspiece at the top of the stand. All the eccentric wheels 
have got & common axis of rotation. When the handle is continuously 
revolved, the motion of the balls at the top is analogous to that of 
the ripples Note that during the period a particular ball makes 
& complete oscillation the waye curve moves through a distance 
equal to the wave-length. 
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In ,all cases of M wave propagation one common 
T s peculiarity is to be roted, wig, 
that each individual particle 
T executes a periodic motion, while 
We the wave curve moves uniformly 
| in a ‘straight line. It is thus 
l j possible to convey a continuous 
| | periodic motion from one part 
i of the medium to another by 

Ili producing a series of waves mb 

| W any part. For example, if we 

i set up waves at one end of the 

| We rope, any point of it moyes 

Od QUUM Vae WU periodically, so long as waves 

WR QA ii are produced. But every motion 

is invariably associated with 

kinetic energy. Hence we may 

say that a wave form carries 

Fig. 19 kinetic energy with it. It is 

due to the effect of some form of the transverse wave that we 
receive heat and light energies from a source, 

Longitudinal Wave-motion—This is a type of the wave-motion 
in a medium in which the particles in the path of the wave oscillates 
parallel to the direction along which wave movea. 

Considor a horizontal row of equally spaced particles in an 
elastic and compressible medium. The positions of the particles in 
an undisturbed 
condition are indi- 
cated by the do:s 
marked 1, 2,8, 9, 

(Fig 90) We as- 

sume that the par- 

ticles are bound to 

each other by some 

elastic force. To 

the first particle a 

motion is given to- 

wards the second. 

As the first parti- 

cle begins to move 

towards the second, 

the space between the first two Particles diminishes and hence the 
pressure on the second particle increases, as indicated by the proxi- 
mity of the first two particles in the second row. The increase of 
pressire causes the second particle to move towards the third TOW, 
and so on. 

Again, when the first particle has gone over to the extreme posi- 
tion a3 indicated in the third row, the force of restitution imparts to - 
it a tendency to come back to the original position. So it begins to 


Fig. 20—Progress of Longitudinal Wave 
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retrace the path, while due to the forward inertia the second 
particle still continues to move in front and passes on the third 
particle which in its turn begins to move forward (4th row) The 
space between the first two particles now increases. Due thereto a 
state of rarefaction is brought about between the two. In this way a 
state of rarefaction is transferred from parilcle to particle. The 
condensed and the rarefied parts follow each other with a definite 
velocity within the mediam. The combined thickness of any two 
consecutive and rarefied systems of particles constitutes a wave-length 
of longitudinal wave. After the first particle has completed a period 
of vibration, the displaced positions of the successive particles are 
shown ia the last row Q. 

When the periodic motion is persistent within the medium, the 
sequence of motion as shown by the eight rows (Fig. 20) is repeated 
over and over again for all particles surrounding the source. 


Propagation of sound waves through a gas is an example of longi- 
tulinal wave-motion. The wave-length A is the combined thickness of 
a condensed layer and a rarefied one, the wave velocity V is the 
product of the frequamcy 7 and wavelength; ie, V= 7A. 


Crova's Dise— 
The nature of the 
continuous state of 
motion of the parti- 
cles of the medium 
during a longitu- 
dinal wave propa- 
gation is difficult 
to realise. To make 
some idea of the 
actual state of 
motion in a longi- 
tudinal wavepropa- 
gation, the follow- 
ing simple experi- 
ment may be done, 

Draw small circle 
and mark a few 
equidistant points 
(8 points in Fig. 21) 
on the circumfer- 
ence of this circle, 
With the first point 
as the centre draw 
asmall circle and 
number it as 1, 
Then with the second point as the centre draw another circle 2 with 
a slightly longer radius. In this way draw a series of circles with the 
third, fourth,..., eighth points as centres and with equally increasing 


Fig. 21—Crova’s Disc 
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radii. Such a diagram was constructed by Oroya and ‘hence it is 
called after his name, Place a disc on a turn table so that it can 
revolve with the centre of the smallest circle as axis. Mount a card 
board provided with a long rectangular slit in front of the disc such 
that a small region of the circles drawn is seen through the slit. On 
revolving the turn table, the small circular arcs keep on moving about 
the slit so as to represent waves of condensation and rarefaction 
following each other in the propagation of the longitudinal waves. 


Examples : 
1, Sound travels in air with a velocity of 830 metres per recond at 0°O. 
What is the wave-length of a note of frequency of 200 per second ? (B.H.U.—1950) 


Ans. Since V=ni, the wave-length A, for a frequency 200 per sec. is given 
by 200 x}, =830, whence 4, 7 1:56X1 m.=165 cm. 


9. A tuning fork vibrating in alr sends waves of length 100' cm. The 
same tuning fork sends waver of length 882'4 om. in hydrogen. If the velocity 
of sound waves in air be 332 metres per second, calculate the velocity of sound 
in hydrogen. (V. U.—1950) 


Ane. We know velocity = (frequency) x (wave-length), If the frequency of fhe 
tuning fork be n, then n 33300/100*6 — 330. 


«. the velocity in hydrogen=n x 382*4 = (380 x 3824) = 196190 cm./sec. 


11. Expression for Progressive Wave-motion—Assuming that 
the motion of every particle in a wave-motion is simple harmonic in 
nature, the displacement y at any instant tis by (8,2) represented by 


ya sin (4 


=a sin ie vi-a), since vet hu (13) 


Now for a phase rotation of 360° or 27 of any single particle, the 
wave moves through a distance 4. Hence for a unit phase rotation 
the wave moves through a distance 2/27. Thus for a phase rotation 


X, the wave must be at a distance s froma point whose epoch is zero. 


Take this point to be the origin. If the distance from the source of 
the vibrating particle be denoted by r, we obtain 


2M gp gel? 
T- on or «x Pi 


ya sin i (vt-7). ws (11, 9) 


whero y= displacement of the particle at time t, A= wave-length, 
v=velocity of propagation and r=distance of the particle from the 
origin, 

Wave-front—In a homogeneous medium a wave is propagated 
from a point source with an equal velocity in all directions. At any 
time the propagated wave lies upon the surface of a sphere, whose 
radius is equal to the product of the velocity and the time. On this 
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| sphere the state of motion (or the phase of vibration) is the same at 
all points. Such a surface having the same phase all over it is 
called an wave-front. When, however, the soarce is at very great 
distance, the wave-front has a very small curvature, 7e., sensibly 
it is a plane surface. 


12. Mechanism of Transmission of Sound through Air— 

We shall now examine the state of motion of air, when sound 

waves propagate through it. Vibrate a metallic prong b so as to emit 

. sound. Its vibrations consist of a series of rapid to-and-fro motions. 

| Each complete vibration comprises a movement from b to c,c to a and 

back to b. This movement needs an interval of the time which is 
called the period. 


bo 


TE 


— 
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be— RAREFACTION —>k— COMPRESSION — 


Fig. 22—Oompzession and Rarefaction in Air 


. Imagine the undisturb:d air in front of the prong to be divided 
into thin vertical layers of equal thickness as shown in Fig. 22 (i). 
In course of vibration, the prong starts its course from b towards c 
and compresses the first layer of air in its front (Fig. 99i) This 
layer has its volume diminished and consequently its pressure is 
increased. Due to elastic property, this layer tends to expand ; but 
sifce the prong on its side behaves as a barrier, it compresses 
the second layer of air on the other side. Being so compressed, the 
second layer acts upon the third; andso on. The siate of compression 
travels from layer to layer with a definite velocity. During the time 
the prong moves from b to c and back to 5, it keeps on compressing 
all the layers in front of it. Suppose that during this interyal 
the compression moyes through a distance OA (Fig. 22 ii). Hence 
a thickness OA of air is under compression during half the period 
of vibration of the prong. With a definite velocity this compressed 
state moves forward. 


Pt. I/5—2 
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Again, as the prong moves back from b in the direction ba, a 
partial vacuum is produced in the adjacent layer, Being thus relieved 
of pressure, the first layer expands on the side of the prong and its 
pressure is consequently diminished. For a similar reason the second 
layer moves towards the first and thereby expands itself. Thus every 
successive layer of air in its turn expands. Hence a state of rare- 
faction is handed on from layer to layer, travelling with the same 
velocity as that of compression. 


Since the time occupied by the movement of the prong from b to 
@ and back to b is another half period, the total thickness of the 
expanded layer is equal to that of the compressed one, so that AA’ 
= AO (Fig. 22iii). It is evident that during a complete vibration of | 
the prong, two such thin air layers are formed, one of which is in & | 
compressed state, and the other rarefied. They move with an equal 
thickness of a velocity and keep their relative distances constant. 
The combined compressed and rarefied layer, such as OA’ (Fig. 99, iii), 
is known as the wave-length. Hence ihe wave-length is defined as 
the distance through which the disturbance travels in the time during 
which the vibrating body. makes one complete oscillation. 


When the body continuously vibrates in a homogeneous medium, 
compressed and rarefied waves start out in every possible direction. 
Tne appearance of these waves at an instant it represented in Fig. 23. 
When alternate compressions and rarefactions of air produced by 
the source impinge on the ear drum, we hear a sound. (Vide 
Chapter X) The ear drum is pushed or pulled according as a com- 
pression or rarefaction falls o3 it It is, therefore, thrown into 


vibration exactly in unison with the source and this sensation is 
conveyed to the brain. 


It is to be noted that in a compressed and a rarefied layer, the 
amount of compression or rarefaction is nos equal at all points. ‘The 
reason is that the pressure communicated by the prong to air at 


T 
LL Um 


Fig, 28— Propagation of Sound Waves 


any instant depends upon the velocity of the prong at that instant. 
The velocity of the Prong in its course of vibration varies from point 
to point, being maximum at the centre and minimum at the ends. 


Hence the pressure also of the com reseed | i i t 
the middle and normal at the ends. 7 ae dap aum 


i 
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13. A model for the Propagation of Sound through Air—The. 
nature of the motion of the successive layers of air in a particular 
direction can bə demoastrated by the following apparatus : 

Spiral wire —It consists of a brass-wire of about O'L inch in dia~ 
meter, made into a coil of 
diameter 3 inches nearly,. 
the length of the coil is- 
about 6 feet to 7 feet. 
By double suspension: 
arrangement from two 
parallel bars in a man- 
ner, a8 shown in Fig. 24, 

z this coil is hung up at se- 
Fig. 24 veral points by threads. 


On giving a smart push lengthwise at one end of the coil, æ 
few turns of wire at that end are compressed. This compression 
moves along the spiral with a certain velocity towards the other 
end. This is very nearly what happens in air when a condensation 
travels through it, each layer being compared to each turn’ of the 
spiral. Again, on suddenly pullirg the same end of the spiral, the 
turns become widely separated and this expanded state travels to the 
other end w'th an equal velocity. This is equivalent to a state of 
rarefaction traveling through air. Now if the end of the spiral be 
alternately pushed and pulled, alternate condensations and rarefactions: 
pass through the spiral which travel with a- constant velocity, 
Figure 95 shows the cordition of the turns of the spiral at amy 
particular insta» t, when a series of pulses is passing frcm the right 
to the left. In the figure O represents the position of condensed turns 
and R the rarefied ones. 

Tt is interesting to note that during the propagation of a dis- 
turbance, the turns of the 
wire are not permanently 
displaced from their natural 
positions, but simply oscil- 
late equally on both sides 
of their mean positions, 

14. Sound is a wave-motion—Sound may be considered to ber 
a wave-moticn for the following reasons : 

(i) Sound requires a medium for its propagation. The medium 
does not move as a whole, but allows scund to pass through it, 

lii) Sound moves with a measurable velocity through a gas.. 
The velocity of sound is greater in solids and liquids than in gases.. 
This can only be explained by assuming that sound is conveyed by 
way of wave-motion. 

(iii) Soun? undergoes reflection and refraction according to 
certain laws, which can be explained on the assumption that it is s 


wave-motion. 
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(iv) Under certain conditions two sound waves might combine 
to produce silence, which is called interference of sownd. This can 
only be proved by assuming that sound is a waye-motion. 

(v) Sound waves can bend round an obstacle and tones of 
different pitches bend round an obstacle by different amounts, 
although their velocity in a medium is the sane. This phenomenon 
is known a3 diffraction. This is successfully explained by supposing 
fhe different notes have got different wave-lengths. 

(vi) A wave of condensation starting from a source has been 
photographed by R. W. Wood and others It demonstrates the 
existence of secondary wavelets, as was concived by Huygens 
(1629—1693) in his wave theory. 

(vii) That sound in a gas undergoes no polarisation proves fur her 
ethat it consists of longitudinal and mot transverse vibration. 


EXEROISES ON CHAPTER IT 


Reference 

Art. 6. 1. D.fine S,H.M. and explain it with referonce to an 
familiar example. (G.U.—1965 ; All. U.—1966) 

Art, 7. 2, Define amplitude, frequency, wave velocity and 


wave-length, What is tha relation between velocity and 
wave-length ? (Pat. U,—1983 ; R. P. B.—1971 ; O. U.—1956 : 
Del. H. B.—1955, 64; Of. Del U.—1966) 


Art. 10 3. Oompare the wavelengths in air of sounds given by 
two tuning forks of fraquencies 128 and 334 respectively. 


Ans, 3;1. 


Art, 3 4. Explain Simple Harmonic Motion and state ita 
characteristics. Show that the motion of a simple pendulum 
is simple harmonic. What part does 8.H.M. play in sound ? 

(U: P. B—1963 ; Nag. U.—1959) 

Art, 10 5, Distinguish between longitudinal and tranaverse waves. 

l. H. B.—1951, 73; P. U.—1961, '6T; 
And, U.—1950. '71; V, U.—1955 ; C. U.—1951) 


Art, 10 6. A given tuning fork produces sound waves of wave- 
length 80 inches. If the velocity of the wave ts 1100 fu per 
sec., what is the frequency of the fork ? (Guj. 0.—1961) 
Ans. 440 per seo, 

Arts, 7. Explain: what is meant by longitudinal wave-motion 
10 & 12 in a medinm. Indicate what goes on in the medium which 
transmits a sound. (P.U.—1941) 

Art, 10 8. Taking 1129 ft. per sec. as the speed of sound in alf, — 


find the number of vibrations whioh a fork of frequency 
264 must make before the sound is heard at a distance of 154 ft 
(0. U.—1962) 

Ans. n=86,01. i 


Att. 10 9. A tuning fork of frequency 250 is sounded in air and 
the sound waves are found to travel with a velocity of 1120 feet 
per second, Find the wayc-length of the nots emitted. 

(Del. H. S.—1965) 
Ans, 4°48 ft. 


(0. U.—1950) 
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Art, 10 10. Btate what is meant by longitudinal and transverse 
wave-motions. Give an example of each type. Define wave-length 
and establish the relation between the ve a velooity 


of wave-motion in a free medium. O. U.— 1949) 

Art. 12 11. Explain the terms wave-length and frequency. f 
(Dac, U.—1961; P. U.—1960) 
Art. 12 12, A sound generated in water has a waye-length of 


580 cm. If the velocity of sound in water be 145,000 cm. 


per second, calculate the frequency of sound in water. 
(Dac, U.—1961)- 


Ans. 250 per sec. 


Art, 12 18. Explain, as far as you can, the mode of propagation 
of sound throngh air. (Utk. U,—1968 ; Dae. U.—1958; 

Pat. U.—1959, '68) 

Art, 14 14. What reasons are there for believing that sound is 
conveyed by wave-motion ? (Utk, U.—1951;- 


Dac, U.—1962, "T0; O. U.—1953; Of. R, P. B.—19T1) 


CHAPTER III 
VELOCITY OF SOUND 


15. Velocity of Sound in Open Air—It is a matter of common 
experience that when there is thunder and lightning, we see the 
flash of the lightning first before we hear the report of the thunder, 
Similarly, when a locomotive engine blows a whistle at a consider- 
able distance from a railway station, a casual bystander on the 
railway platform observes first the puff of gas at the nozzle of the 
engine and then hears the whistle. Thus where there is something 
to see and hear from a distant source, the eye is quicker to receive: 
than the ear. 

All these cases are due to the fact that light moves with a far 
greater velocity than sound. Thus if lightning occurs in a cloud one 
mile away from an observer, the flash would reach Lim in a period 
of 00000054 second, of which we can form no idea, On the other 
hand, the report of the thunder from the same distance requires 
approximately 5 seconds to reach him Hence the interval between: 
seeing and hearing in this case, which is really the difference of the 
two timings, can be recorded practically as the time taken by sound 
to travel through the distance. 

Experimental determination—The velocity of sound in open air 
has bean determined by different observers at different times. The 
following method was originally undertaken by Arago (1786— 1853) 
ja 1829. Two observers are stationed on hills at & known distance, 
several miles apart. One of them is provided with a gun, and 
the other with a stop-watch which can read a fifth or tenth of 
second, The first man fires his gun, while the second man starts 
the watch just when he sees the flash of light from the nozzle of 


23 .INTERMEDIATE PHYSIC3 CHAP. III 


‘the gun and keeps a continuous record of time till he hears the 
report. If the interval recorded be equal to í seconds and if the 
distance between the two stations be æ feet, the velocity of sound 
is given by V-z/t ft. per sec. A large number of observations 
43 taken uader similar atmospheric conditions and the mean value 
-of the velocity is found, 


Bus in such an experiment there arise two principal sources of 
error. First, the velosity of sound, being greater in the direction of 
-the wind and less against it, is partly affected by motion of the wind. 
This is known as the error due to ths wind veloc ty. Secondly, 
‘any man is always apt to delay a certain fraction of a second to record 
the time after he has actually seen an event. The error is called the 
parsoval equation of the observer. It is different for different persons j 
‘but ib is always a small fraction of a second. Tne personal equation 
generally varies, on an average, from one-fifth to one-fifteenth of a 
second, 


The first error is eliminated by taking what is known as the 
reciprocal observation. Both the observers are provided with a gun and 
^ watch. One of them fires the gun and the other records the time 
tı between the sight of the flash and the hearing of the report. The 
other man then fires in his turn and the interval ta is now recorded 
by the former in a similar way. Such similar sets of readings are 
repeatedly taken and the mean value is calculated. 

Sappose the wind is blowing in the direction from the first station 
to the second with a velocity of v ft. per sec. Let the velocity of 
sound in still air be V ft. per sec. 

Then  V+v=2/ty and V= veg. 

On elimination of v we find 


SCHOL 
Veena -- (15,1) 


The personal error or equation, is avcided by making electrical 
‘Arrangements for recording the exact moments of the gun-fire at one 
station and the reception of the sound at the other. An electrical 
-olook automatically records the instant of firing. The receiving station 
ida provided with an aut-matic microphone (Chapter IX) As soon ag 
the sound reaches the microphone, its arrival is recorded on a moving 
"photographie film. Thus the actual interval can be determined and 
the velocity of sound at a particular condition of the atmosphere 
ds accurately found, 

16. Some Classical Experiments—The first attempt at an 
accurate determination of the velocity of sound in open tir was made 

the Commission of th» Paris Academy in 1738, They chose. 8 or 
A stations, the total distance covering about 19 kilome:ers (about 7'5 
les). Alternately, from each of the two end. stations guns were 
at regular intervals. Tae middle station recorded the time. The 

ar between the stations being known, the mean velocity of 
Sound could be found. The experiments were conducted under 


ART. 16 VELOOITY OF SOUND  - 23 


different conditions of temperature, pressure and humidity.  Taeir 
observations led to the following conclusions : 


(i) Ths velocity of sound does motdepend upon a change of 
atmospheric pressure. i 


(ii) It increases with the temperature and humidity. 


(iii) It increases the direction of the wind and decreases 
against it. 


(iv) The velocity of propagation of sound in still dry air at 0°C 
is approximately 332 metres per second. 


A sories of careful determinations by Moll, Van Beck and other 
Dutch physicists in 1823 gave the mean value for the velocity of 
sound at 0°C to be 332°26 metres per second. 


The next important investigation on the velocity of sound along 
aslope was made by Bravais and Martins, The upper station was 
Faulhorn and the lower one was the Lake of Briez, the difference 
of the altitudes being 2079 metres and the actual distance being 
9560 metres, They made use of the firing method and found that 
the velocity, after being corrected by 0°C, was 333397 metres per 
8ec0ad. Experiments were also carried out at very low temperatures 
during Arctic expeditions by Parry and Greely and almost the same 
result was arrived at. ‘ 


Because of uncertainties of the velocity of sound in open air due 
to wind, humidity ani temperature fluctuations, Regnault in 1864 
carried out a series of experiments near Versailles on the velocity of 
sound in air enclosed in long pipes. His method of recording was 
all electrical, Reciprocal observations were made every time. He 
found that for sounds of great loudness (e.g. a heavy explosion) the 
velocity was slightly greater than the ordinary value. He observed 
also that under similar conditions of temperatures and humidity, the 
velocity of sound ina pipe was slightly smaller than that in free air. 
Determination of the velocity of sound in open air were made during 
thc Great World War (1914-18) in connection with the location of 
the sources of sound (such as, gunfiring or a charge exploding) 
by a special -device known as the the Sound-Ranging methcd (Vide 
Chapter IX), An actual laboratory method of determining the velocity 
of sound in air under controlled condition of temperature, pressure 
and humidity was devised by Hebb in 1904. (Vide Art. 31) 

17. Theoretical Investigatiou—From a theoretical standpoint 
Newtoni came to the conclurion that the velocity of periodic com- 
pression or rarefaction in an elastic medium is given by 

v=-,/#, a fy 4 Ya, (17,1) 
p 


where E is the modulus of elasticity, and p tho meau deusity of the 


P; t 
medium. By definition, the modulus of elasticity = strain 
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In all fluid media E represents volume elasticity or bulk modulus 
and is represented by k, so that (17,1) reduces to 


Ye =. » iet ee (17,9) 
s v. P 
where bm — increase of pressure per uni; area 4 


consequent change of volume per unit volume 
When a pulse of compression travels through air or any other 
gasecus medium, the later is momentarily 
&-V- x compressed. Let V be the volume of 
a layer of the gas of unit cross-section 
P under normal atmospheric pressure P 
sp. (Big. 26). Let the pressure ke increased 
e by p owing to the arrival of a compres- 
Fig 26 sion and let the consequent decrease 
of volume be v. 

lf the changes of pressure and ^ volume take place within the 
medium under isothermal condition (ie, if the temperature does 

not change) as was assumed by Newton, Boyle's law gives 


or PV-(P-*p(V-v) or PV=PV-Pu+pV-py, 
Pv- pV, assuming pv to be negligibly small. 
=p/2. = Stress _ 
Thus P-p EI k. 
Use of eqn (17, 9) readily. leads to 
y= J5 x «eo r 
3 = (17,3) 


Applying the equation to the. case of airat normal temperature 
and pressure (N,T.P.) at 76 om, of mercury and 0°0, we get, 


P= 76 x 136 x 981 dynes/sq. cm, and P7 0'001293 gm./e.c. 


* 76 x 13" : 
“+ Vo= ODISSE. em ise = 280 metres/sec.(approximately). 


j T value thus obtained is much lower than what is experimentally 
found. 

Laplace's Corre ction—Laplace pointed out the source of discre- 
panoy in Newton's assumption. He argued that during the transmission 
of sound the change of volume of any layer of air is so quick that 
all the heat given out or absorbed, during a compression or a rare- 
faction, is wholly confined within the layer itself and so the tempera- 
ture does rotremain constant. This process is known as an adiabatic 
irawformation. In such a case the relation between the pressure P 
and volume V of a gas is given by 


Py’= constant 


where y= Specific heat of the gas at constant pressure 
Specific heat of the gas at constant volume ' 
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4 For a diatomic gas (such as oxygen, nitrogen or air) 7 is 1°41 

"and for a monatomic gas (such as argon) y is 1°66. 

m Hence when a particular layer of air undergoes 8n adiabatic 
contraction v due to an increase of pressure p, We get 


poles oven 


By aid of the Binomial theorem we get 
Hs {| fi CRIB dd =] 
Pe NNa Jn SUE «) * 


- (rese 
or P (e p ry 
neglecting higher powers of v/V which are very small quantities. 


“De pee Pa p= p—Pyr_+ 
Thus P=P-Pyy DET p-P-Prx P, 


2 yP-p [ek S. NE - (17,4) 


Returning to the original expression for the velocity, we find that 


.JEz.h£- Ji 
Vo mf Jz A14: x 980 metres/sec. 


= 332 metres/sec. (approximately). 

Thus the value obtained by Laplace from adiabatic considerations 
agrees fairly well with experimental results. 

18. Influence of Various Factors on the Velocity of Sound in 
Air—The following are the effects of a change of atmospherio 
pressure, change of temperature and humidity on the velocity of sound 
in air. 

Effect of Pressure— Whenever there is & change of pressure on & 
given mass of gas, there js & corresponding change of volume and 
density. Let the velocities of sound under pressures P, and Pa be 
v, and Ug respectively. The ratio y is supposed to be independent 
of pressure. Any change o! atmospheric pressure is so sufficiently 
slow as not to affect the temperature and is, therefore, governed by 
Boyle's Law. If Vi be an element of volume of atmospheric air at 
pressure Pi and if Vs be the volume of the same element at 
pressure Pg under an jsothermal condition, Boyles Law asserts that 
PiVi=PsVa- 


v EM and since £1 Vs 7 psVa; 
whence BilPs 
Pi Pa 
By taking square root it shows that vi=s ... (18,1) 
Thus the velocity i$ indeper dent of achange of pressure. 
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Effect of Temperature—With a change of temperature there is 
a change of density of the atmospheric air and consequently the 
velocities at differet temperatures will be different. Let Vo and V; 
be the velocities at 0°C and t°O respectively. Then 


Vo= Jo / P. and Vi = Vy], 
Po Pt 
where p, and p, are the densities of the gas at the corresponding 
temperatures. 
But by Charle’s Law po=p, (1+4#), where <=the ccefficient of 
cubical expansion of gas=0°00366. 
Consequently, 
Ve 200 
v, Pt Vita, 


whence V, * Vo V(14- «i) 9 Vo(1--3«£ .....) by Binomial E. " 


or, Vi 7 Vo (1-000183 x t), 

Taking Vo =1100 ft. per second at 0°O, it is found from (18,9) thet 
‘for each degree centigrade rise of temperature, the velocity of sound 
in air increases by 2 feet per second. | 

“Effect of Humidity—Since for the same temperature and 
pressure the density of water vapour is less than of air, the 
presence of moisture in some volume of air would lower the density 
of the mixture. The velocity of sound is inversely proportional to the 
‘square root of the density and so it would be greater in moist. air 
than in dry air. 

Let the velocity of sound in dry air at temperature (^O and normal 


pressure be Va. Let the velocity of sound is moist air at lempera- 
ture tO and pressure P be Vm. 


Then Va=,/7%760 à y=, /?P, 
en Vama / Yx and Vm Je 


where pz and P, are the respective densities of dry air and moist air, 

Let the saturation pressure of aqueous vapour at fO be=e cm. of 
mercury. 

Also the total pressure of the moist air=P cm. of mercury. 

-. the pressure of dry air at the same temp. =P-e¢ 

So pm=mass of 1 c.c. of dry air at a pressure (P — e) 

* mass of. 1 c.c. of water vapour at the pressure e. 
From Boyle's Law the volume of 1 c.c. of dry air at a pressure 


(Pe) becomes tx c.c. at normal pressure. 


Hence the mass of 1 c.c. of dry air at normal pressure = X Pa 


Again, the volume of 1 e.o. of aq. vapour at normal Pressure= 755 


\ta 
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/. massofl ec. of aq. vapour at normal press. "qe pa X 0625, 
since the density of water vapour (relative to dry air) is 0°625. 


Thus pm= Extra + 25 x pa x 0625 
doa byes ears = Pa (p — và 
ET 20695 x«) esl» 07375 xe). 


Hence V4 =, /7600m = xf BEB Ashes, 


Vm Ppa PX pa 
so that Va=Vm x,/1-0'8% x S ET. ...(18,3) 
Examples ; d 


1. An eoho from a olif is heard 5 seconds after the sound is made, If the 
temperature of the air is 15°O, how far away is the cliff? The veloolty of sound 
at 0°O is 1090 feet per second. 

‘Ans. The velocity of sound at 0°C=V,=1030 ft./sec. Hence the veloolty of 
sound at 15*0, (say Ve) is given by the equation. 

V_=Vo (1400188 x t) = 1090 (14700188 x 15) ft/sec. 11191 ft./se0, 

Let the distance of the cliff from the observer bed ft. Then for an echo to come 
back to the observer, the distance travelled by sound is 9d in a period of 5 secs. 

Thus 9d -1119:1 X5, whenoe the desired distance d=2599'5 tt. 

g. An observersets hls watch by the sound of a signal gun fired at a 
distant tower. Yet he finds that his watch is slow by 5 seconds. Find the 
distance of the tower from the observer. The temperature of air during the 
observation is 40°O and the velocity of sound in air at 0°O is 382 metres 
per seo. (Utk. U.—1953) 

Ans, Velocity of sound at 070-2332 m.[sec. Henoe the velocity of sound 
at 20°O is = (1— 00183 x 20) m./seo.= 844156 m./sec. 

It the distance of the tower be d metres, the time for the sound to travel from 


the tower to the observer isz is sec, Tho time is given to be b seo., and 


thereby gives rise to the equation ; 
zen whence the required distance d 1720 76 metres. 


3. The thunder accompanying a lightning is heard 6 seconds later than the 
flash. Assuming the temperature of air to be 27°0, calculate the distance at which 
the lightning must have ocourred. (Velocity of sound-in air at 0°O=3532'0 motres 
por second). 

Ans, In relation to the velocity of sound, the velocity of light may be 
taken to be 80 great the flash may be considered to have crossed the distance 
in practically no. time. Gonsequently the duration of the passage of sound is 
6 seconds. 

The velocity of sound at 0°0=331'3 metres per second. Hence the velocity of 
sound (say, Vi) at 27°C is given by 

V, ={881°3(1 +°00188 x 27)} m.|sec, = 347'67 metres[sec. 
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. lightning occurred at a distance 
= (347'07 x6) m. =2086'02 m. - 
4. In an experiment for the determination of the velocity of sound in a well 
the value was found to be 845'8 metres at 20*0 under a pa of 74°8 om. of 
mercury. What is the true value of the velocity at N. T, P.? 


Ans. Tho saturated pressure of aqueous vapour at 20°O as obtained from 
any vapour-pressure table=17'4 mm. Hence, by 18'b at the same temperature, 


Va= 3158x V(- E 3198 m. 


If the required velocity be V, metres per second, we get 

V.(1-- 00188 x29) «343 8, whenos V, 23316. 

*19. Velocity of Sound in Water—The experimental determiaaion 
of the velocity of sound in water was made by Colladon and Sturm 
in 1895. The experiments were carried out at night. Two boats 
were moored at a definite distance in the Lake of Geneva. One 
boat was provided with a bell which lay inside water. The bell could 
be sounded with a hammer through a lever, the motion of which 
fired some gunpowder. The other boat had a larger funnel-shaped 
ear trumpet, the lower end of which was closed by a flexible 
membrane and was immersed in water, while the upper end was 
applied to the observer's ear. The time taken by tke sound to 
travel a known distance in water was thus obtained. It was found 
that the mean velocity of sound in water at 8'1°0 was 1437 metres 
per second. These experiments are of historic interest nowadays. 


=> 


Theoretical discussion—The velocity of sound in any liquid is á 


given by the expression : 


Ve "E: , when k is the volume elasticity or bulk modu" 


lus of that liquid. In the case of water at 1590, k=2'23 x 101? 
dynes/sq. cm. and p=1 gm./cc. 


Hence the velocity of round in water at 15°O is 


3^ 10 
GB em./see, * 1500 m./sec. 


#20. Velocity of Sound in a Solid—The velocity of sound in a 
long cast iron bar was determined by Biot (1774—1862). By joining 
several pipes end-to-end, he obtained a total length of 915 metres. 
A bell fixed at one end was rung At the other end two sounds 
were heard, one travelling through the material of the pipe, the other 
through the air. The interval between the two sounds was accurately 
recorded. The velocity of sound in air being known, that in the 
solid could be calculated. The velocity was found to be approximately 
5800 metres per second. When a solid is available in-the form of 
string, the velocity of disturbance can be experimentally determined 
CODD AT SCA as ee 

can e ^ 
Mod (Act Ge). tory by Kundt's Tube 
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Theoretical investigation—A compressional disturbance conveying 
sound travels through a solid with a velocity given by 


LEN ER 


where y = Young's modulus for that material. 
For stoel, y= 2914 X 10°? dynes/sq. cm. and p=76 gm.Je ©. 


the velocity of sound through steel =f Tuc em./see. 


=5300 m./sec. 

»21. Velocity of Sound in different Gases—The velocities of 
sound in two gaseous media ean be conveniently compared by Kundt's 
Tube Method. 

Under the same condition of pressure and temperature let the 
yalosities of sound in air and in another diatomic gas be Va and Vy, 


Then Va= JE and V7 Je. 
Pa Pb 
ce ery HT j 
arri V2 . (81, 4) 


whence Va can be determined, if the other three factors be known. 
Tt is evident from (21, 1) that the velocities of sound in different 
gases are inversely proportional to the square roots of their densities. 


Examples : 


1. Calonlato the velocity of sound in hydrogen gas, assuming its velocity in 
ale to be 832 metres por sio. and having also given that 1 liro of hydrogen 
weighs 0:089 gm ‘and a litro of alr 1298 gm. 

‘Ans. Tt pa and ph donote the donsitles of air and hydrogen respootively, náual 
notations give 


Vh c A/a A/ 1898. siamese 
Den a Jide 958, 
whonos Van VaX 88283298 m.[seo. 10610 m/sec. 


9, An explosive percussion signal on a rail is set off by a locomotive passing 
ovar it, A listener, th one ear on tho rail, hears two 
reports, Explain the phenomenon and calculate the timo Interval betw on the 


two sounds. 


„Ans. With the ear on the rail tho listener gots the sound of tho signal passing 
through the ral] and with the other ear in air he gots another sound pissing 
Now the velocity of sound In the two media belng éifferent the two 


roporta are hoard nt different instants. 
Now th» voloolty of sound through steel rall=V, = VA 1. JV cme ANA 


= 506400 om./aec. 
i. tho time ^, for the sound to travel 1 km. (10* om.) 1n steel is given by 


RS 
"T0000 


80 


Again, the velocity of sound in aire V, A/ ee M 
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i4 x 105 
“0014 


OHAP. IIJ 


=32816 cm /sec. 


. the time /, for the sound to travel 1 km. in air is found from: 


(Nou 


10* 
.-29 . 
saaie °°? secs. 


Hence the required time interval =(3—0'2) seos.—2'8 secs. 


Velocity of Sound in Common Media 


Media Metres/Sec. Media Metres/Bec. | 
GASES N. T, P, :— SOLID :— 
Air (dry) 9817 copper 3600 
» Bb UO 331 '1--0'54x t iron 5000 
carbon dioxide 259 steel 5100 
hydrogen » 1262 glass 5000 
oxygen 316 wood 8090-4900 
LIQUID :— nickel 4900 
water at 20°C 157 India Rubber 30.60 
" ro 190--33 xt 


22. Rectilinear Propagation of Sound—It has already been 
stated that a vibrating source in a homogenecus gaseous medium 
generates spherical waves of compression and rarefaction which expand 
in quick suce'ssions with a definite vel-city. Imagine the source to 
be placed at a point S (Fig, 27) An element of a waye surface tra- 
yelling in the direction SA reaches a point rs after a short interval 
of time. The same distu-bance reaches a point Az an instant later, 
where the points 8, ra and A, are collinesr. Fır a similar conside- 
ration, another element of a wave surface, moving from § in the 
direction SA, will pass through all the points lying in that straight 
line. It is in this sense that the propagation of a sound wave is 
said to be rctilinear. The same argument holds in the case of the 
propagation of light waves, Hence, as in light, the track of an 
element on the wave-front is called a ray. So.any straight line Sr3A s. 
along which an element of a sound wave is propagated, may be 
termed a sound ray. 


We know that when some opique obj-cb is placed in the path of 
‘a beam of light, a shadow of the same shape is cast upon a screen 
placed behind, which fact verifies the rectilinear 
propagation of light. But when an obstacle 
(e.9., a piece of wood) is placed at rs in the 
path of sound (Fig. 27), an ear placed at Az 
would hear the sound from S without much 
obstruction. Thus to some extent sound rays: 
bend round a barrier. 

The reason for this difference in pro- 
pagation lies in the fact that the amount of 
bending of rays depends upon the wave-length. 
The longer the wave-length, the greater the 


Na 


Fig, 27 
bending round any obstacle. The wave-length of audible sound varies 
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between 1'5 cm. and 11 metres. For this range of wave-length 
the bending is appreciable. An acute sound, which is of shorter 
wave-length, obeys the laws of rectilinear propagation more closely 
than a grave one. A watch is often taken as a source of sound 
in different experiments on reflections and refractions, since its note 
is of short wave-length. 


28. Reflection of Sound -When a sound wave travelling in a 
medium reaches the surface of 
separation of another medium, a M 
part of the incident wave is reflected 
back into the original medium and the 
remainder is partly abso bed and 
partly transmitted into the second. 
Partial reflection may also take place 
at the surface of separation of the two 
portions of the same medium haviog 
unequal densi'les The reflection of 
sound takes place according to two 
definite laws. Fig. 28 


——————— 


Reflection at a Plane Surface—In front of a vertical wooden 
board fix up a straight hollow tube at a definite angle with the plane 
of the board (Fig. 28). Determine the point where the axis of the 
tube meets the board. Take another similar tube fitted “at one end 
wish a hollow rubber tubing. Insert ‘the end of the rubber tubing 
in the ear so as to receive the sourd. Now rotate the receiving. 
tube in all positions till th» sound heard appears maximum. Fix the 
tube in this position with suitable clamps. 


It will be noticed 


(i) that the axes of the two tubes together with the normal at the 
point of the board, where the aces meet, approximately lie in one plane 
and (ii) that the aves make equal angles with the normal. 


In large halls the voice of a speaker becomes indistinct owing to 
yeverberations from the walls and the ceiling which are commonly 
known as the howling. This can be minimised by hanging up 
curtains, the effect of which is to absorb partly the incident sound 
energy. The same purpose i: also seryed to some extent, when the 
hall is packed up with audience. 


Reflection at a Concave Surface—When tke reflecting surface is. 
concave, the effect of reflection is more 
pronounced. 

Take two large concave mirrors of 
polished wood or metal and plice them 
coaxially facing each other at a fair 
distance on a table ( Fig. 29). Measure 
the radius of curvature of one mirror 

Fig. 29 with a spherometer and place a ticking 
watch at a distance of half the radius from the pole of the mirror. 
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Evidently, the source of sound is at the principal focus of the 
mirror. Move & receiver of sound along the axis and place it at a 
point where you get the best possible sound. The point is fouad to 
coincide approxinately with the principal focus of the second mirror. 


On being reflected from the first mirror, rays of sound are rendered 
parallel. The group of parallel rays is incident upon the second 
mirror and is finally made to converge to the priacipal focus of the 
second mirror. Jt is a matter of common experience that to hear & 
distant sound the palm of the hand is often put in a curved way 
round the bask of the ear. This helps to concentrate the sound 
energy in the ear ani thus make it more audible. 


24. Some Illustrations of Sound Reflection—The prindi;le of 
sound reflection is illustrated in the following cases: 


Sound Reflection in an Auditorium—Some very b'g hells are 
provided with parabolic sound reflectors behind the dias. The speaker 
stands near its fous and the rays of sound due to his voice are 
rendered parallel by reflection at the parabolic surface. Thus his 
voice, which would have been otherwise inaudible at a distance, passes 
over to the audience to the extreme end of the hall and is made audible 
there. The old Calcutta University Senate House had got a reflector 
of this kind. Unfortunately the building has been dismantled. For 
concentration of sound, many churches and show houses have tle 
back walls suitably curved, 


Speaking tubes—In some large building and steam ships speaking 

: tubes are often installed. 
In ifs essential form such 
a tube consists of a metal 
pipe of small diameter 
connected at one end with 
a funnel-shaped piece 
called the mouth-p ece. The 
"er puts hijs mouth 

Fig. 30—: into the funnel and speaks. 

Do 10 Bocoeive dMlecBonm ec iuto The produced sound waves 
entering the mouth-piece are not allowed to spread out but are kept 
confined within the tube. Swecessively reflected at the walls of the 
tube, the sound travels down the tube and finally gets out of the 
other end in & manner shown in figure 80. The round is thus 
concentrated and so the hearer on placing his ear at the other end 
can distinctly hear the speech, Physician's stethoscope is an il'ustration 
of this principle. A little above the collecting funnel the tube 
bifurcates into two branches which separately go to the two ear. 
Speaking horns or meégaphones used on play ground and car-trumpets 
used by deaf people work on thy same principle. 

Ec1008—4A familiar example of reflection of sound is illustrated in 
the formation of echoes. An echo is repetition of the speaker's own 
words, caused by reflection at a distant surface, e.g., a row of 

, trees or any other extended surface, 
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In order that two very sharp sounds may be distinguished from 
one another, the interval of reception between the two should be, on 
an average, about yọ of a second, because the sensation of sound 
persists in our brain for about that period. This interval is known 
as the period of persistence for the sensation of sound. When a sound 
is made before a reflector, an echo of it would be distinguishable, 
provided that the interval between the cessation of sound and the 
reception of the reflected sound is sth of a second. During this 
period the sound travels a distance of 112 feet approximately, so the 
minimum distance of the reflector for the reception of an echo for 
any sharp. sound is about 560 feet. But for an echo of words the 
interval is different. It is an observed fact that a person can on an 
average utter 5 syllables per second. Thus to have an echo in which 
a mono-syllablic word is to be distinctly heard, the time interval 
should be }h second and during this period sound traverses a 
distance of about 224 feet. So the distance of the reflecting: wall 
should be 199 feet from the observer for the reception of mono- 
syllablic echo. 1i the distance of the reflector be twice, eto., of 
112 ít. disyllablic or trysylleblic echoes would be distincly heard, 


When there are two opposite reflecting surfaces at a proper 
distance ( e.g., two parallel walls ), repeated reflections take place and 
successive echoes are heard. When there are several surfaces at suit- 
able distances, a number of reflections takes placeiand several echoes 
are produced. When successive echoes occur within yoth of a second, 
they cannot be distinguished separately and & long drawn sound is 
heard. The rolling of thunder is due to successive reflections of the 
original report from surfaces of clouds at different heights or 


unequally heated layers of air. 


Examples : 

1, Aman stationed between two parallel cliffa fires 2 gun. Ho hears the firat 
echo after two seconds and the next after five seconds, What is his position 
between the clifls and when will he hear the third ocho? (Velocity of sound 
in sir=1120 ft /seo.) 

Ans. Let the velocity of sound in air be V em. per sec, the distance of 
the man from ono cliff d and that from the other 1 cm. 

As the first echo is heard after 2 seconds, 2d/V —2, or d=V, When the direct 
sound 1s reflocted from the second cliff, the second echo is produced. As the 
second echo is heard after b seconds, 2/V=5, whence 15 v. 


Honce d : 122:5. Thus the position of tho observer divides the distance ` 


between the oliffa in the ratio of 2:5. 
From this position either of the sound waves on reflection from the 


opposite walls reaches the man and the third echo is heard. As the time 
necossary for this 1s 7 secs, the third echo will be heard 7 secs. after the firing 
of the gun. 

g. A sharp sound is made in the neighbourhood of an extended wall and the 
echo is heard 16 seconds after, On proceeding towards the wall through a 
distance of 93 metres the echo 1s heard after 1'4 seconds, Find the distance of 


the wall and the velocity of sound. 
Ans Lot the distance of the wall from the first position be d metros and 
the velocity of sound be V motres per second. 


Pt. I/5—8 
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=1 or 16xV=2d. woe (1 
A3 I SS ard or 07xV-d-33. EU 
On solving (1) and (2) the required velocity is 380 metres/sec. and the distance 

is 204 metres. 

*95. Nature of the Reflected Wave—It has been already stated 
that a sound wave may he reflected at the surface of separation of 
two media or of two layers of the same medium at different densities. 
Ia reflection, therefore, a sound pulse may meet a more or less 
dense reflecting surface according as it travels from a rarer medium 
to a denser one or vice versa. 


Reflection at a Rigid Surface—When a pulse of condensation 
trayelliag in a medium strikes against a rigid wall, the latter does 
not move on easily and so due to reaction the pulse comes back 
with its form unchanged, i.e., as a pulse of condensation. Hence the 
form of a wave remains the same at reflection at a rigid wall. This 
is equally true for a transverse wave,—the crest coming back as a 
crest and the trough as a trough. If one end of spiral is a fixed to 
a piece of wood placed on a suitable stand and if a pulse of com- 
pression is produced by suddenly pushing the spiral at the other end, 
it is noticed that the reflected pulse also is a compression. For a 
similar consideration a pulse of rarefaction due to reflection at a 
rigid wall comes back as a pulse of rarefaction. 


Reflection of an Yielding Surface—When, on the other hand, 
a pu'se of compression meets the surface of a rarer medium, the 
surface of separation is disturbed by the motion. The surface is 
pushed a little and produces a partial rarefaction This rarefaction 
travels in the opposite direction, so that the origiral pulse of com- 
pression is reflected as a pulse of rarefaction. Thus due to such @ 
refuction a change of type of the pulse is brought a out. In the 
experiment on the motion of compressional wave in a copper spiral, 
if both ends of the spiral are free, a pulse of condensation travelling 
to the other end comes back as a pulse of rarefaction. Similarly 9 
rarefaction is found to return as compression. This is called a phase 
change of x in reflection. 


26. Refraction of Sound— When a sound-waye travelling in one 
medium meets the surface of separation of another, a portion of it 
is transmitted into the second medium, approximately obeying the 
usual laws of refraction. The refraction of sound may be demons- 
trated by taking a lens-shaped bag of fine rubber, containing some 
gas denser than air (e.g., carbon dioxide). 

Hold a convex gas lens by a suitable stand and determine its axis. Somewhere 
on the axis of the lens place a watch on one side of the lens. 
Determine the point on the other side, where the maximum sound is 


heard in a receiver, Find the object distance u and the image distance v 


from the lens, Take a number of readings for u and v, It is found that in 
each case 
1 


ix yi where f stands for the focal length of the lens. 


27. Some Phenomena due to Sound Refraetion—The following 
phenomena conzerning the refraction of sound are explained :— 
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Banding of Rays in a Temperature Gradient—During cold. 
winter nights the air in contact with the surface of the earth is 
coldest and so it has got the maximum density. The upper regions- 
are less and less dense. When sound is produced near the surface,. 
rays start out in all directions. Moving upwards in an oblique 
direction, some of the rays meet layers of air of less and less densi-- 
ties. They are, therefore, gradually bent away from the normal, till. 
at a stage total internal reflection takes place. The rays then bend 
downdards and finally return to the surface of the earth. This is- 
akin to the phenomenon of optical mirage. The reverse effect takes. 
place during a hot summer noon. As the sound waves pass from 
rarer to denser layers, the rays get gradually bent towards the 
normal; they, therefore, continually move upwards and never ccme: 
back to the earth, This expleins the fact of the common saying that- 
sound travels a longer distance in night tlan in day. 


Bending of Rays due to Wind—I! there were no wind, a sound 
wave-fron& Pao [Fig. 81 (A), during propagation would occupy the 
successive dotted positions 1, 2, 8, etc., after equal intervals of time. 
When wind blows in the direction of the sound the velocity of 
wind in upper layers is greater than that nearer the ground, and the 
upper layers move with greater speed than the lower ones. 
Consequently, each vertical column of air during a strong wind 
moves through an appreciably 
greater distance at the top than 
at the bottom, so that it is 
gradually bent downwards as 
shown by 1’, 2’, 3’. Since the 
direction of each ray is normal to 
the column, the rays will gra- 
dually bend downwards causing 
concentration of sound near the 
surface of the earth, 


If, on the other hand, the 
wind is blowing against the : 
sound, its velocity is to be sub— Fig. 81 
tracted, so that the velocity of sound gradually decreases upwards. 4 
Hence the columns would be gradually bent in the reverse direction: 
(Fig. 81, (B)] and the rays go up into the sky. Fence sound travele 
4 longer distance over the surface of the earth in ihe direction of winds 
than against it. 


EXERCISES ON CHAPTER IIT 


Reference 
1, A stone is dropped into a well 240 feet deep and the Art. 157 
sound's impact is heard 4'l seconds later. Find the velocity 
of sound (g=82 fí./cec,?). 
Ans 1044 ft.[sec. 
2. Calculate the velcoity of sound in air on a day when Art, 18 
the barometer reads 760 millimetres. Given the density of air 


36 


Reference 


Art. 15 


Art, 18 


Art, 18 


Arb, 94 


Art, 18 


Art, 18 


Arta. 
37 & 18 


Art. 17 


Arts, 
19 & 20 


Art, 17 
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=0001293 gm./o.o. and parsi. (Nar. U.—1963; R. P. B.— 
1971) 
Ans, 9395 m./sec. 
3. Explain fully how the velocity of sound in open air 
has been determined. (U. P. B.—1968 , B. H. U.—1971) 
4. It the velocity of sound in air at 0°C and 76 cms. ot 
mercury pressure is 820 metros per second, calculate the 
velocity at 29°0 and 74 cms. pressure. (Coefficient of expansion 
of air« 00086651). (Nag. U.—1971 ; 
Ans, 846°3 m.|per sec. 
b. If the velocity of sound in dry air at 0°C be 382 metres/ 
sec., calculate the temperature at which the velocity would be 


945 metres/sec. (Coefficient of expansion of air = 1/278) 
[Utk.. U.—1969] 


Ans, 91880. 
6. Standing between two parallel cliffs, & man'fires a rifle. 
He hears a fist echo after 1} seos., then a second 24 sec. after 
the shot, and then a third echo, Explain how these three 
echoes are produced, Calculate how many seconds elapsed 
between the shot and the third echo, and calculate the distance 
between the two cliffs. 
Anz, Taking v=1120 ft. per sec., (—4 reos, and d=2240 ft. 


. T. Discuss the effects -of temperature and pressure on the 
velocity of sound in gsses. (V. U.—1962 ; Utk. U.— 
1962, 70; P. U.—1959, 72; U. P. B—1961, '78; 0. U.— 
1963; Pat. U.—1971; Nag. U.—1971; Raj. U.—1963) 
8. Assuming that the yolocity of sound in air at o°O and 
76 oms. pressure is 830 metres per second, find its velocity at 
50°C and 70 oms. pressure. 


Ans, 86019 m/sec. 


9. An observer sets his watch by the sound of signal 
gun fired in a distant tower. He find that his watch is slow 
by 9 seconds. Find the distance of tho tower from the observer. 
Temperature of air during observation is 19"0 and the velocity 
of sound In air at 0°O is 932 m./sec. 

(Gau. U.—1961 ; Pat, U.—1959) 


Ans. 682'2 m, 


10. Give Newton’s formula for the velocity of sound. What 
correction has been suggested by Laplace, and why ? 
(Bom. U.—1961, "72; Del, U—1968; P. U.—1907, 709, 
V. U.—1964 ; 0. U.—1957; E. P. U.—1952 ; Nag. U.—1983 ; 
U. P. B.—1951, '65 ; Cf. Guj. U.—1962, '64) 

11. Explain how speed of sound has been determined in 
water. (U. P. B.—1962; E. P. U.—1963) 
12. How would you show that sound travels faster in air 

than in carbon dioxide and slower in air than in iron? 
(Utk. U.—1962) 


13, The mass of 1 litre of air at N, T, P. is 1293 gm. 
Calculate the velocity of sound in alr at N. T. P. it being given 
that the ratio of the specific heats of air is 1'41, 


Ans. 832 m.[sec. (approx) 
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Reference 


14 How do the velocities of sound in different gases depend on Art, 17 
densities ? Calculate the velocity of sound in hydrogen at 13090 
given that at 0°O and 76 cms. of mercury 11'2 litres of hydrogen 
weigh 1 gm. (Velocity at N. T. P. in air=332 m.[sec.). 

Ans. 1585 m,/sec, 


15. How would you show that sound waves get reflected Arts. 
and that the waves obey the law that the angle of incidence is 99 &2b 
equal to the angle of reflection? Explain how the formation 
of an echo and a physician’s stethoscope are due to the reflection 
of sound waves. (Del. H. 8.— 1964) 


16. Explain the production of echo. An echo repeated six Art, 28 
syllables, The velocity of sound is 11.0 ft. per sec. What was 
the distance of the reflection surface ? (0.U.—1960) 
Ans 672 ft. 
17. A whistle is blown by a ship while approaching a cliff Art, 24: 
and an echo is heard after 8 seconds. Five minutes after the 
first whistle, the whistle is blown again and the echo is heard 
after 3 seconds, Find the distance of the cliff from the latter 
position of the ship and find the velocity of the ship in a direc- 
tion normal to the cliff, (Velocity of sound in alr=1120 ft./sec.) 
‘Ans. 1695, ft, from the position of second whistling ; SFs 
per sec. 
18. Explain: A brick wall r.fleots wave of sound but not Art, 29- 
waves of light, whereas a smali plane mirror will reflect waves of 
light but not of sound. (Gau. U.—1952) 


CHAPTER IV 
SUPERPOSITION OF SOUND 


28. Superposition of Waves—When twe systems of waves pass” 
simultaneously through some point in a medium at any instant each 
system would tend to produce its own displacement at that point. 
As a result, the point would have a displacement which is the result- 
ant of the two component waves. Tris is known as the principle of 
superposition of waves. 

In order to find the nature of vibration of a particle due to 
superposition the following graphical method is utilised. Let the 
two dotted curves (Fig. 83) denote the time-displacement graph of 
the two waves at any point in their common path. The abscissa 
denote the time, 
and ordinate the 
corresponding dis 
placement. At- 
any time corres- 
ponding to P the 
displacement due 
to one component 
wave is found to be PL and that due to the other is PL'. The two 
have a resul‘ant displacements PC. If, on the other hand, the 


Fig. 33—Superposition of waves 
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displacements at any time are oppositely directed, their difference 
divas the resultant displacement. In this manner final displacements 
are obtained from point to point on the time axis and a thick curve is 
plotted out, which represents the resultant displacement of a particle 
with time. For the type of the superposition as shown in Fig. 33 
åts amplitude of vibration is found to be minimum at an instant 
orresponding to B and maximum near C. 

29. Beats—When two sources of nearly equal frequencies and 
of moderate intensities are sounded together, the resultant displace- 
yment at any point due to the superposition periodically fluctuates, 
thus causing waxing and waning in the loudness of the resultant 
sound. This phenomenon of periodic waxing and waning of the sound 
is known as beats. 


Let the two curves A,As and B,Bs (Fig. 34) represent the 
displacement graphs for the two component waves at any point, 
At a particular instant as at D of the first curve and at E of the 
second, they are ia the opposite phase of vibration. The resultant 
amplitude at any point is the difference of the two component 
amplitudes as given by the point F of the curve [Fig. 34, (iii. It 
Ail be shown subsequently that the loudness of a sound depends 


Y| Ay -t te Az 


Fig. 84- Reprosentation of Beata 


mapon the amplitude of vibration of the source and cons 

1 : equently on 
whe ordinate of the displacement curve at a point. So that at the astani 
denoted by F the sound heard is minimum, As time advances, the 
@oMponent curves gradually come in steps, since their waye-lengths 


9 


[7 
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are not equal. AtKorL (fügi& ii) the phase difference between the 
component vibrations is zero; and the resultant amplitude at M 
is a maximum, being the sun MR ofthe components At this instant, 
the sound heard is maximum. Again, it decreases and becomes a 
minimum near U, when the phase difference is zero, ie. when ore 
gains over the other by a complets vibration. It is, therefore, evident 
from the graph that there will be a periodic fluctuation in the loud- 
ness of the sound heard. During the interval between F and U, one 
of the components his gained over the other by one complete vibra- 
tion and therefore one beat occurs. The number of beats heard in 
one second will therefore, be equal to the number of times the 
inte.val FU or MY occurs in one second. 


To take an illustration, let two tuning forks, haying frequencies 
280 and 284, be sounded together and placed on a table. Hach 
vibrating fork has got a displacement curve. The two forks start to 
vibrate together in the same phase as af M (Fig. 34) After a quarter 
of a second, the slower one completes 70 vibrations and the faster one 
Ti. This state is represented at Y During this interval one beat 
is heard. The number of beats per second js therefore, 4 which is 
the difference between the yibration frequencies of the two forks. 
Similarly, it is found that in every case the number of beats produced 
by two sowrces is equal to the difference of their vibration Frequencies. 
Under proper conditions beats can be generated by varlous sources. 
Thus two violin strings, which are nearly turned with each other, or 
two consecutive reeds of harmonium, when sounded together, can 
produce beats. The only necessary condition is that the two sources should 
produce notes similar in nature and of nearly equal frequencies. 

Beat tone—When the number of beats per second is more than 
10, they cannot be separately distinguished owing to the persistence 
of the sensation of sound. The beats then produce a continuous note, 
called the beat tone. 

*Mathematical Analysis of Beats—Let nı and na be the fre- 
quencies of two sources. On the simplest assumption that they 
start with the same phase, the individual displacements at a point 
at an instant due to the two wave systems accrding to Art. 11 are 
given by 

yı=a sin 9m, and ya b sin 2rnat. 

Tf na is greater than mi by n, then ma—%i =n, 

or, ya 7b sin:2 (n, * n)t- 

Therefore from the principle of superposition, the resultant 
displacement y is given by 

y=yı +ya=a sin 2mn,t +b sin Qn(ns + n)t 
=sin Qnnit (b cos 2ant+a)+b cos 2«n1t sin Qrni .. (9,1) 

Equation (29,1) represents another ware. equation. Rewrite it 
jn the form— 
y=F sin (2anit- p) ...(89,2) 
where F is its amplitude and p is the epoch of the resultant wave. 
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To find the values of F and p, we get on expansion 
y=F sin 27045 cos p+F cos 2nnit sin p $ (29,3) 
Now comparing (49,1) and (29,3) we get on equating the coefficients 
of sin 22n,t, and cos Qnnt. 
Accordingly, F sin p=) sin 2rnt 
and F cos p=b cos Qnnt+a. 


On squaring and adding, we get 1 
F° =b? sin? 2ant +b? cos? mui 2ab cos 2vnt-t a. 


or F’ =° +b° +2ab cos 2nnt. (29,4) 
=b sin 2mnt .. (29.5) 
Aleo tan, A b cos 2mni+a $ 


Equation (29,4) shows that as ¢ changes, the amplitude F of the 
resultant dis;lacement a-sumes maximum and minimum values. 
Thus when ¢=0, cos Qmí-1 and F=a+b, which is a maximum 

» iT1/)n, cos 2ant= -1 ad F-a-b,  , minimum 
» t=1/n, cos Q2ant=1 and Feat+b,  , | maximum 

Hence between any two maximum amplitudes, there is one 
minimum present, i.e., between two maximrm sounds a minimum 
sound occurs at an interval of 1l/m second. In similar way, ib 
can be proved that between any two consecutive minimum sounds, 
a maximum occurs in an interval l/m sec. So the number of beats 
per second =n =n, -n =the difference of the two frequencies. 


From equations (29,2) and (29,5) it is seen that the phase of the 
resultant wave is 2an,t+p, where the value of p also depends on 
time. Hence the frequency of the resultant wave is not actually 
nı, bub lies at some intermediate value between me and nz. So the 
fluctuating sound heard would have a pitch lying between the pit- 
ches of the component sounds. To take a simple case, if in the 
above illustration the amplitudes a and b assumed equal, the fre- 
quency of the resultant component wave can be shown to be the 
mean of ng and mi. 

Determination of Frequency by Counting Beats—Take two 
tuning forks of nearly equal frequencies nı and ns, one of them (say, 
nı) being known, Strike the forks and place them together on the 
table. Beats would be produc:d. Count the number of beats heard. 
lf the number of beats be m, the unknown frequency (nz) is either 
My t » or 2, 7n. 

Now fix up a little wax (or a sliding weight) at the head of any 
prong of the tuning fork of frequency nı. By adding the load its 
Srequincy is lowered. Now strike both the tuning forks and place 
them together on the table. Beats would again be heard. Find the 
number of beats produced. If the number be decreased, the un- 
known frequency ne is m, 7. But if it increases ng is nı +n. 


+30, Interference of Sound— When two sources of sound have 
got the same frequency and of a similar wave form, the displacement 
are identical in nature. When two such similar systems of 

waves travelling almost along the same direct'on superpose on each 
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other, the phase difference between the two systems of waves at any 
point depends upon the distances of the sources from that point, but 
it does not depened on time. 

Let A and B be two exactly identical sources of sound emitting 
similar sound wayes given by the equation : 

b sin ote sin 2 vh .. (80,1) 

Let P be the point where the two wave systems superpose and , 
let the distances of P from A and B be r, and 7s (Fig. 35). The 
amplitude of the wave systems reaching P may be supposed sensibly 
equal and let the amplitude reaching P be a. Now if v4 and fa be 
the displacements contributed by the waves at P at an instant t, then 
by virtue of equation (11,2) we may write 


T,70 sina (vt —74) and ta =a sinis (vt ^ ra). 


Then the resultant displacement X contributed by both the waves 
is given by 
"ur Lye dh m 
X=a,t+a,=a sin (vt ry)ta sin T (ot ra) 
+ 27 + 
or X= 0085 (r-ra) sin irr rata) ...(80,2) 


This shows that due to the superposition of two similar waves’ 
a displacement X is obtained at an instant t and that’ this 
resultant ‘displacement is another s 
wave equation whose amp'itude is 


2a cos a (rira) ...(80,8) 


and whose phase is equal to 


7 vi- ratre) at the instanti. 


The intensity or loudness. of sound is proportional to the square of 
the amplitude of the resultant wave. Tf I be the intensity of sound, 
Then, I «42* cos? nu — ra) « 4a? cos*$, say. ... (80,4) 


We take note'of the following two cases : 

Case I—Let $70, 9m, 8m, Anici $=n7, when n=0, 1, 9, 
«> eic. 

Then cos? $=1 end 1«4a*. Maximum loudless is then heard. 

Now for $7". 


z (ra —ra)= an, whence rı 779 nA ..(80,5y 
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Equation (30,5) shows that when r, —ran4, i.e., when the path 
difference between the sources of sound at any point P is a multiple 
of the wave-length of the sound, the sound heard is a maximum. 
This is called coherent constructive superpositio 1. 


Case 1I —Let $= 


Qo, 050; 
Then cos ¢=0 and I20. No sound is heard in such cases. 


Thus for ¢=(2n+1) m 


BabA, i ie b=(2n+ D. where n=0, 1, 


ZE Sa SE 
2'2'9 


j^ (rı — 74) 2 (8a 1), whence ri 77s = (2n »j ...(80,6) 


"Equation (30,0) gives the condition of no sound by superposition. 
This is called coherent destructive interfer ence. 


Experimental demonstration—The conditions for the interfer- 
ence of two sounds are :—{i) the sources must have the same fre- 
quency and amplitude, (ii) the nature of waves representing the 
sounds must be similar in appearance and they must have constant 
phase relation and (iii) the displacements produced by them must 
take place along the same line. In fact, no two separate sources 
are obtainable which will produce sound satisfying all the above 
conditions. So the usual practice is to divide the waves from & 
single source at one region and reunite them at another region after the 
two halves through separate paths of different lengths. 


* * The interference of sounds can be demonstrated by an apparatus 
due to Quincke, It consists of & mouth-piece. A (Fig. 36) which 
divides into two limbs B and C combining again into one tube EF. 
D is a sliding 
tube by means of 
which the length 
of the path ABDE 
cari be altered. 
In front of A, & 
vibrating tuning 
fork is held, or a 
Galton whistle is 
Fig. 36 Interference of Sound sounded. The ear 

: i is placed either 

directly at F or against the funnel which is connected by a piece of 
rubber tubing to F. When the sliding tube is at D and the paths 
ABE and ACDE are of equal lengths, equation (30, 5) is satisfied in 
which n becomes zero, 71 being equal to rs. The two wave trains 
now arrive at the same phase and produce a maximum effect at F. 
By drawing out the tube the path ACDE is then gradually increased for 
* minimum sound ; a position D is obtained. Hwidently this is the 
condition attained in equation (30, 6) where n=0 and so rı - rs 7 4/2. 


Migne x 


a 
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If the path ABE is r then the path ACDE has been increased by 
4/2. Evidently the difference in paths between ACDE and AOD'E 
is half & wavelength. By drawing out the tube to D", & maximum 
effect is agaid obtained, so that the path difference between ACD'E 
and ACD"A is again one wave length. Thus the wave-length of the 
particular sound is obtained by this experiment 


Examples : 

1, A turing fork, originally in unison with anotber tuning fork of frequency 
256, produces 4 beats per second, when a little wax is attached to it. What is 
ita frequency now ? 

Ans. When 4 beats are produced with a tuning fork of freqnenoy 9256, the 
frequency of the tuning fork under observation may be 256+ 4, (i.e, 252 or 260) 
per second. 

Now to attach any little mass, such as wax, to the prong of the fork {a 
equivalent to some extra loading, which diminishes the frequency of the fork. 
Hence the frequency 18 252 per sso, 

2, A fork of unknown frequency gives 4 beats per second, when sounded 
with another of frequency 256. The fork is loaded with a piece of wax and 
it again gives 4 beats per scoond with the same fork. What is the frequency 
of the unknown fork ? 

Ans. Since the number of beats por sec. is 4, the unknown frequency of the 
fork is 256+4=260 or 252 per sec. By loading the fork with wax, its 
frequency diminishes. If now the number of beats per seo. be 4, the possible 
case is that its frequency diminishes to 252. Thus the original frequency of the 
fork must have been 260 per sec. 

8. Oalculate the velocity of sound in a gas in which two waves of lengths 
1 and 1'01 metres produce 10 beats in 3 seconds, 
[U. P. B —1954 ; R. P. B.—1959] 

Ans. Let the velosity of sound in the gas b» V metros por second. Then 
the frequency n, of the wave-length 1 metre is given by 

V=n, X1, whence n,=V. 

Fora similar reason the frequency ^ corresponding the wave-length 1'01 

motres is given by 
^ 
Y 2n,X1'01, whence MT 


10 


Bince by hypothesis tho difference of frequencies ir we got 


V 210, ‘01 10 599A: 
VER GU or Pop" 3" whence V 3936060 metres per seo, This 


gives tha velocity of sound. 


*31. Electrical Method of determining Velocity of Sound— 
This is a laboratory method of determining accurately the velocity of 
sound in open air, in which the uncertainties of wind, temperature 
and humidity effects can be satisfactorily controlled. The room, in 
which the experiment is performed, may be 80 ft. to 40 ft, in 
length, having & good number of windows and matting on the floor 
and having screens from the ceilings so as to minimise sound reflections 
from the walls and to check reverberations. The apparatus consists 
of two parabolic reflectors R, and R, made of wood or plaster of 
Paris and having facial diameter ranging between 4 feet and 6 feet. 
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Facing each other, these reflectors are mounted on two vertical stands 


moving in a long and straight groove so as always to be in one 
line (Fig. 37). 


^ 


Fig. 87—Hebb’s Method 


A source of sound S, preferably of high frequency (for example, 
a tuning fork of frequency of about 1000 cycles per second) is placed 
at the focus of the reflector R,. In more recent days a loud-speaker 


aproducing a continuous note is used ns the source, In front of the. 


loud-speaker there is a microphone M, which immediately receives 
the sound and sends a current fluctuation through a coil Pa in an 
electrical circuit containing a battery and a rheostat rı. The coil 
P, forms the primary circuit of an induction coil, its corresponding 
secondary coil being P. A periodic magnetic flux is thus generated 
in the secondary coil which actuates the telephone T in which the 
sound of the source is distinctly heard. This telephone receiver is 
generally kept in a separate rcom, so that direct sound from the 
source is not heard. The rheostat r, can be adjusted to a desired 
loudness of the tone heard in the telephone. 


The source of sound, being at the focus of R4, sends a parallel 
beam of reflected sound to R which egain refocuses the sound to 
its focal point, where there is a second microphone Ma. This 
microphone collects the sound pulses and sends a similar current 
fluctuation to the associated electrical circuit containing battery 
rheostat 7a and another primary coil P, wound on the same cone. 
These electrical fluctuations in the coil P, also actuate the tele- 
phone receiver T, 

Now if the fluctuating currents in the two primary P, and Ps 
are in the same phase, the induced magnetic flux changes in the core 
would be additive and the sound heard in the telephone would be 
loud, Tf, however, the currents be in opposite phases, the magnetic 
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flux changes would be the less and the sound would become feeble. 
By adjusting the rhzostats rı and fa this feeble sound can be very 
nearly reduced to silence. We can assume for simplicity that the 
sound-wave of condensation or pressure produces a current surge 
in the coil in the positive direction while a sound-wave of rare- 
faction or suction produces a current surge in the negative direction. 


The actual experimental procedure consists in setting the 8, R 
and Mi in combination fixed at a particular position and in 
moving the MaRa combination gradually away, till the minimum 
sound is heard in the telephone, and finally adjusting the rheostats 
to have practically no sound. At this stags, the current fluctua- 
tions in the coils P, and P, are in opposite, phases, and by virtue 
of our assum>tion a pulse of condensation meets Mi, while a pulse 
of rarefaction meets Ma at the same instant of vice versa. Or, in 
other words, the phases of vibration at M, and Ma are opposite 
each other. This can oaly happen, if the total distance from § to 
the mirror Ri, Ri to Ra and Rẹ to Ma is an odd multiple of half 
tho wave-length of the sound produced. I: this distance is lı then 


lm (25+ 3), * (81,1) 


where s is ay natural number and 4 is the wave-length of sound. 
It is not possible to measure the wave-length from this single 
reading, since the total distance J, traversed by sound by two re- 
flections cannot be accurately measured and s is not a definite 
number, To eliminate uncertainties of l and s, the Ms Rs, combi- 
nation is slowly moved further to some other position, where the 
sound in the’ telephone is again minimum. If now the total dis- 
tance of the wave propagation is la, then 


A 
la - [21 E | (81, 9) 
Subtracting (1) from (2). we get 
lazh =å +++(31,8) 


where 1g—1,=the distance which Mg has been moved through. 
This distance can be accurately measured. In practice, fa number 
of readings is taken for successive minimum sound positions and 
the mean value of sueh distances is taken. This gives the wave- 
length of the sound produced by B. n 


If the source of sound has a frequency of n cycles per second, 
the velocity v of sound propagation is given by 
v=nd +81, 4) 
In practice the source may be a standard tuning fork. Or, if 
it be a loud-speaker, its frequency should be standardised by some 
accurate process. This method of measuring the velocity of sound 
was first employed by Hebb in 1904. In fact, this is the most 
accurate method of measuring the velocity of sound or determining 
the wave-length of sound in air. 
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92. Stationary Waves— When two systems of identical waves 
travelling in opposite directions in a medium are superposed on each 
other, they give rise. to a phenomenon known as stationary waves, 
The wave-length acd the amplitude of the two systems beng the 
same, they are in a condition to interfere at certain regions. Some 
parts of the medium on the line of prozagation are thrown perma- 
nently into maximum vilration. These points are called antincdes. 
Some other poiats midway between ,the antinodes are permanently 
ai rest and are called nodes. 
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Fig. 38—Stationary Undulations 


In order to study the mode of stationary vibration ab any instant 
resultant displacenent graphs of both the incident and the 


| 


reflected systems over that particular region of the medium is to . 
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be obtained. In Fig. 38 the figures on the left from (i) to (ix) 
represent the suecessive posi.ions of a string thrown into stationary 
vibration. These positions are attained at successive intervals of 
T/8, when T is the period of vibration. On the right tide, the dis- 
placement curves are drawn. Due to the superposition of these 
displacements curves the final shape of the string for any instant is 
obtained. To get the successive positions of the string from the 
superposition of the displacement curves, we haye to assume that 
these displacement curves move over PQ in opposite directions with 
an equal velocity. 


Since the nature of the profile of a transverse wave is similar 
in appearance to the displacement graph. a transverse stationary 
system of waves also changes form with time exactly as in the 
above diagrams. As for example, if one end of a string is attached 
to the prong of a tuning fork and the other end is stretched by a 
weight passing over a pulley, then by striking the tuning fork 
statio ary transverse vibrations are set up in the string (Fig. 89). 
All the su:cessive stages of movement in a complete period of the 
wave are presented before the eyes and the combined effect is 
observed. In consequence, the string appears to vibrate in several 
segments. 

A study of the figures show that the wave-length of each of the 
component waves is double the length of each segment, ie, double 
tho distance fron node to node or from antinode to antinode. Hence 
by measuring the distances of three consecutive nodes the length of 
the wave can be determined. 

In the case of stat/ovry longitudinal vibration, the antinodal 
regions will have the greatest amount of oscillatory motion along the 
line of propagation 
and no motion at 
the nodal regions. 
But it is to be 
noted that nodes are 
plac:s of greatest 
variation of pres- 
surs and the 
an'iondes the least. 


Fig, 89—Stationary Vibrations of a String 


By taking a Galton whistle as the source and a sensitive flame as the 
detector, the presence of nodal and antinodal regions in air can be 
demonstrated by putting the sensitive flame at different points along 
the line of propagation. At the nodes the flame will flicker most, 


Distinction between Progressive and Stationary Waves—The 
following are the distinguishing features between the progressive and 
stationary waves :— 

In a progressive wave—(i) Hach particle of the medium executes 
a periodic motion about its mean position. (ii) At any instant 
there is a continuous change of phase from particle to particle. 
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(iii) Every part of the medium undergoes similar changes of pressure 
and density, as each complete wave passes across it and is restored 
to the original condition after each period. (iv) In a transverse 
wave a complete wave-length comprises a crest and a trough, while 
in a longitudinal wave a complete wave-length contains a condensa- 
tion and a rarefaction. (v) The wave moves with a velocity depending 
upon the properties of the medium and some other factors. In 
‘other words, there is a transference of a certain phase as also of 
some energy from one part of the medium to the other with a 


definite velocity. 


In a stationary wave—(i) All particles of the medium except 
those ab some equidistant points, execute a periodic motion of varying 
amplitude, the period being equal to that of the component waves. 
The points, where the amplitude is zero, are called modes. At scme 
other equidistant points midway between the nodes, the amplitude 
is maximum ; these are called antinodes. (ii) At any instant all 
particles between two consecutive nodes are in the same phase of 
motion, the phase difference between the particles, that lie on cpposite 
sides of node, being 180°. (iii) The parts of a medium undergo 
the greatest change of pressure and density at the nodes, while at 
the antinodes the pressure and the density are nearly uniform. 
Twice in each complete period the particles lying along the direction 
of wave propagation comes to rest. (iv) The wave-length is equal 
to the distance between three consecutive nodes or antinodes, since 
the particles, separated by this distance, are in the same phase of 
vibration. (v) There is no permanent transference of the particles from 
one part of the medium to another. Condensation and rarefaction do 
not move from point to point; but simply appear and disappear at 
certain equidistant fixed points. 


33. , Free and Forced Vibrations—Every object, when properly 
struck, is capable of vibration. The frequency of. vibration depends 
upon i's mass, shape and elastic properties. Such a vibration, which 
is characteristic of the object, is called its free vibration. The 
period, with which it vibrates, is called the free or natural period of 
the body. The natural periods of different bodies are different. For 
example, although a simple pendulum and a tuning fork start to 
vibrate together, they would have different periods of vibration. 


When a force changes in magnitude and direction with time but 
assumes the same magnitude and direction after each definite interval 
of time, it is called a periodic force- The interval, during which the 
force assumos the same magnitude and direction, is called the period 
of the impressed force. When such a periodic force acts upon a body, 
whose natural period s different from that of the impressed force, 
the body at the preliminary stage tends to vibrate with its own 
period, while the periodic force also tries to establish its natural 
Period on the body. After s few swings of irregular amplitude the 
body yields to the impressed force and vibrates with the period of 
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this force with some definite amplitude and phase. Such phenomenon 
is known as the forced vibration. 


cA p 
0 
H i 
as], Bien can B A (H 
Fig. 40 Fig. 41 Longer pendulum Fig. 42—Shorter pendulum 


The following illustration furnishes a simple mechanical model to 
represent approzimately the case of forced vibration.« From a flexible 
support (such as India rubber cord ) stretched between two points: 
suspend three pendulums C, A and P of unequal lengths ( Fig. 40 ). 
Set the middle bob A to swing. The periodic force of vibration, 
characteristic of A, is transmitted to C and P through the cord, ` 
Té is found that the two bobs O and P make some irregular oscilla- 
tions for the frst few minutes and finally swing with the same 
frequency as that of A, but with different amplitude and phase. 
The oscillation of the driver pendulum A would be found to die away 
periodically. and this decay of oscillations should be compensated for 
by properly timed push at the extremities of osciliations occasionally. 
Since the period of the driver A is different from those of the driven 
C and P, it is approximately a case of forced vibration. The manner, 
in which the pendulums O and P adjust their lengths so as to attain 
the same period as that of the pendulum A, is shown in figures 41 
and 42 When the pendulum P oscillates, the cord moves through 
a small length B'O' Fig. 4) with the same period. The pendulum Ọ, 
whose natural period has a lessor value, is made to oscillate with 
the same period as that of A and thus becomes equivalent to ® 
pendulum of length OA, which is equal to the length of the 
pendulum A (Fig. 49). 

When a vibrating tuning fork is held in air, a very feeble sound 
is heard. But a3 soon as it is placed upright with its handle in 
contact with a table, the sound gets magnified to a great extent, The 
reason for the magnification is that the vibration of the tuning fork 
is communicated to the table through the handle. The table is thus 
thrown into a state of force vibration. The large surface, vibrating 
hg eh cat ES 

+ In fact, in the experiment stated above, the periodic manifests itself through 
the agency of a material body (driving pendulum) which is put into a material 
communication with the driven, In such a case there is a periodic interchange 
of energy between the driver and the driven, It is truly called coupled vibration 
instead of a forced vibration. 


Pt. I/S—4 
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with the frequency on the tuning fork, sets an extended mass of air 
into vibration and so increases the volume of sound, which thus 
becomes distinctly audible. Almost every musical instrument is 
provided with sone sort of a sounding board. the purpose of which 
is to make the notes louder. In a stringed instrument (such as a 
sonometer, piano, violin ete.) when the siring vibrates, the periodic 
force of this vibration is carried through the bridges to the hollow 
wooden board which due to forced vibration throws a large volume 
of air into vibration. 


The nature of oscillation of the surface of the board, under forced 
vibration, is represented by the two dotted lines. AP and BQ are 
two bridges (Fig. 43). When in its course of vibration the string 
AB is at the position 1, the surface of the board is momentarily 
bent and assumes the shape as shown by the dotted line 1. Similarly, 
when the string is ab 2, the board is at 2, the phase difference 
of vibration being nearly 180°. As the string keeps on vibrating 
between the position 1 and 2, it mainjains a forced vibration of 
the board. Ii is to be noted that in all cases of forced vibration 
the kinetic energy of the 
sounding source is continu- 
ously transferr2d to the 
forced vibrator through the 
region of contact. Conse- 

Fig. 43 quently, m the ^ sounding 
li transfers energy to the surrounding ied fu ei Es 
Von energy is continuously supplied to the source, its energy 

Li S more rapidly when coupled with & vibrator. 

. Resonance—When t. i i BS 
equal to the natural ea ck ARG he N dang isn op se 
vibration and begins to oscillate with a buea? ily takes up oa 
is called resonance. RR 

Suspend from the same cord (Fi 
length Es A. . Whenever A hee ) (Ar Dona inen 
immediately with an increasing amplitude, i 


are equal in length, their natural periods of 
BO 8 resonance occurs, 


equal in 
B starts to swing 
Since the two pendulums 
uem ins ol vibrations are equal and 
nance ly speaking, it is a case of resonant 
ape vibration, where there is a mutual transfer of energy between 

e driver and the driven ; as a result thereof the driver comes to rest 
momentarily after & regular interval. The energy is then fed back 
from the driven to the driver. Another simple illustration of synchro- 
nised forces ir resonance is afforded in common garden swings. 
us children stand face to face on a platform. One imparts to the 
thie : slight push in a certain direction. When the platform is 
sat xs Em Sos of the Swing, the other child now takes his chance 
4 "s ag it bac wards. In this way at each extremity of oscillation 
Taita i orm tay a separate impulse and thus its amplitude is 
ES y increased. The two children here apply alternately periodic 

pulses having a frequency equal to that of the swing. 
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! The principle of resonance is applied in some of the Indian stringed 
instruments, e.g. sitar, esraj, etc. In addition to the main Strings 
there are several side strings tuned to various musical scales. "When 
the main string is played upon, the side strings are successively thrown 
into resonance. The notes thereby increase in volume. Tho forced 
vibration of the body of the instrument produces & note which 
increases ths sweetness of the tone also, 


Two tuning forks of exactly the samo frequency are ta 

placed side by side. One of them being Athy PRA out beget! 
teristic not», If the fork is stopped by being clapsed, the other 
fork will be found to give out a similar note though of much legs 
intensity. In the case of resonance of two bodies, there is a mutual 
transference, of energy. Asa result of this, if the supply of energy 
be given once to the vibrator, after some time then the source 
will have no energy of vibration. Then the vibrator will act as 
the source transferring energy to the other which now acts ag 
the vibrator. Tne natural process of transference of energy continues, 
till both of them give up all their energy to the surrounding 
medium. 


Electrical resonance play a very important part in the detection of 
wireless signals. Hach broadcasting station transmits wireless waves 
of certain specifiel frequency. When a radio receiver is to receive a 
message from æ certain station, it is to be. tuned to resonance with 
the freqaency of that station. By turning the tuning knob of the 
receiver when the condition of resonance is attained, an appreciable 
current is obtained in the receiver. This current is further amplified by 
a system of radio valves before being passed through the loudspeaker 
which gives an exact reproduction of programme. à 


Resonance of Air Column— Take a tall em j i 

Hold a vibrating tuning fork pty glass jar (Fig. 4), 
just above the upper end on the 
jar and poar water into it until 
at a particular level, say at H, 
maximum sound is heard. If 
another fork of different fre- 
quency is taken, the maximum 
sound is produced at another ! 
water level. 


This is due to the resonance 
of air within the jar. A definite 
mass and volume of air has 
each a particular natural 
period of vibration. When the 
period of the tuning fork is 
equal to that of column of E 
air, resonance occurs. Organ 
pipes and different types of TIENES Fig, 45 
wind Arua work on this principle. (For further details vide 
Art. 48). 


) 


52 INTERMEDIATE PHYSICS CHAP. IV 


*Helmholtz’s Resonators—Helmholtz constructed a series of 
hollow metallic vessels of different sizes, each haying two narrow 
openings à and b at the two énds (Fig. 45). The natural period 
of such a resonator can be determined by blowing across the neck, 
when & particular note is heard. The exact frequency, at which 
a vessel resonates, is indicated on the vessel. Jf a source of 
gound haying an equal frequency is placed in front of the wider 
opening of a resonator, the sound is magnified to a great extent. 
A complex sound consists of more than one frequency. When a complex 
sound is made in front of them, there, will be resonance, provided 
that any constituent of the complex tone has the seme frequency 
as that of the particular resonator. Tle resonance can be detected by 
placing the ear at the lower opening when a loud sound is heard. 


85. Intensity of Sound—The intensity of sound ls a measure of 
its loudness or volume, as perceived by the ear. It has also am 
objective existence and is proportional to the the amount of energy 
contained in unit volume of the medium, through which sound waves 
are propagated. It is also measured by the amount of energy passing 
per unit area placed at right angles to the direction of propagation 
of sound, 

The following are the factors, upon which the intensity or loud- 
ness of a sound depends :— 

©, Amplitude of vibration of the source—The larger is the amplitude 
of oscillation of tho source, the louder is the tone produced. In fact, 
intensity is proportional to the square of the amplitude. 

(ii) Distance of the source—The flow of energy per unit area across 
a surface, placed normal to the direction of propagation, is a measure 
of the intensity at any point on that surface. We can thus compare 
by the following procedure, the intensities at two points at known 
distances from the source. 

Let the total sound energy emanating per second from the source 
be E, the distance of one point from the source 
=ricm. and distance the other point from the 
source =r; cm. 

Now draw two spheres with the source as 
the common centre and with r4 and ra as radii 
( Fig. 46 ). 

The amount of energy flowing across a unit 


aren to the sphere of radius rı is= 


mrs” 


and that of the sphere of radius ra is= UN 
ANT s 


Fig. 46 
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Thus the intensity at a point is inve rtional t «are 
A pi rsely proport l 
ri j y )4 o the sq 


ART. 35 FREE AND FORCED VIBRATION 53 


(iii) Size of sonorous body—A large vibrating area sends out & 
greater amount of energy. Accordingly, the larger is the size of the 
sonorous body, the louder is the sound produced by it. For this reason 
church bells, which have a bigger vibration area than an oridinary 
gong, can be heard from a much larger distance. 


(iv) Presence of other bodies—A resonant body near the source 
sympathetically vibrates and so it intensifies sound. Also large reflectors 
concentrate sound energy and act as sound magnifiers. 


(v) Density of medium—Since the kinetic energy of the medium 
increases with the mass per unit volume of the medium, it follows 
that a more intense sound will ba heard in a medium of higher density. 
Thus cold air conveys a louder sound than hot air. Carbon dioxide 
is a better modiam for sound than air. Motion of the medium 
often helps to concentrate sound ‘energy and thereby increase the 
intensity. 


EXERCISES ON CHAPTER IV 


Reference 

1, What are beats? How are they produced? Art, 99 
(0. U.—1959, "63 ; Dac. U.—1960, '78 ; U. P. B.—1964, '71 ; 
P. U.—1964, '69; Del. U.—1968, Nag. U.—1961; Del. 

H. B.—1969 ; Gau. U.— 1952) 

9, Explain the phenomeron of ‘beata’ in H sound, How will Art. 29 
you prove that the number of beats produced by two tuning forks 
ig equal to the difference of frequencies ? (Raj. U.—1952, '65 ; 
V. U.—1955; Guj. U.—1982; Poo. U.—1962; Bom. U.—1964) 

8. Two forks when sounded together give 4 beats per sound. Art, 29 


One is in unison with a length of 93 cms. of a monochord string 
under a constant tension and the other with 97 oms. of the game 
string. Find the frequencies cf the forks, 
(O. U,—1952 ; Del, U.—1960) 
Ans, 984 and 988. 


4. Two organ pipes give 6 beats per second when sounded to- Art. 29 
gother in air at a temperature of 10*0. How many beats will be 
given when the temperature rises to 24°C t (Velocity.of sound in air 
at 0*0- 1083 ft, per sec.) 

Ans. 6'15. 

b. Two tuning forks A and B when sounded together produce Art, 29 
beats per second, If A is slightly looded, the number is reduced. 
Find the frequency of A, if the frequency of B be 256 per sec. 

(Dac. U.—1968) 
Ans. 261. 


‘6. Explain with the help of a diagram the production of beats. Art, 99 
(Pat. U.—1962; P. U.—1969; O. U.—1949; Gau. U.— 
1961; Bom. U.—1970; Guj. U.—1951; Del. U.—1964) 


7. You are given a standard tuning fork of known frequency 
and another tuning of slightly different frequency. How would 
you proceed to determine the frequency of ihe secoud tani 
fork ? (Gau. U.—1978) 


54 


Reference 
Art. 29 


Art, 99 


Arta. 
39 & 80 


Art, 80 


Art. 92 


Art. 93 


Art, 82 


Art, 33 


Art. 98 


Art. 08 


Art, 33 
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8. A seb of 24 tuning forks is arranged in a series of increas- 
ing frequencies. If each fork gives 4 beats with the preceding ore 
and the last fork is found to be the octave of the first, calculate 
the frequencies of the fint and last forks. (Bom, U.—1964) 


Ans, 91; 184. 


9. A siren having 16 holes in the diso makes 600 revolutions 
per minute, A sounding body when brought near the siren gives 4 
beats per second. When the speed of the siren is increased to 630 
revolutions per minute, the number of beats heard is again 4 per 
second, Calculate the frequency of the sounding body. (Guj.—1962) 


Ans, 164 per sec. 


10. Distinguish between interference and beats and describe 
an experiment to show the interforence of sound waves, 


11, Under what conditions can two sound waves produce tho 
phenomenon of interfererce? Describe the Quinke’s method of 
producing interference and explain how it can can be used for 
determining the frequercy of a eource of sound. — (R.P.B.— 1970) 


12. What are stationary waves and how are they produced ? 
(C. U.—1961; Dac. U.—1905 ; Cf. Del. H. S.—1961. 
18. How is the stationary undulation produced by sound 
waves in air and what are tbe principal characteristics of such 


undulation? What is character of the motion of air particles 
when this condition prevails ? 


14, What are nodes and antinodes? How will you demon- 
strate their existence? What will be the eflect on the distances 
between successive antinodes in a column of a gas by increasing 
its temperature and pressure ? 

(Del. U.—1969 ; P. U.—1959 ; O. U.—1960) 

15. Write a note on stationary undulations. 


(Guj. U.—1962, '75 ; Bom. U.—1960; Dac. U.— 1962 ; 
Poo, U.—1959, '64; B. H. U.—1958) 


16. Distinguish between a progressive and a Stationary wave. 
Illustrate your answer by diagrams. 


(Pat. U.—1964, R. P, B.—1971; Gan, U.—1963 : 
0. U.—1953, 65; U. P. B.—1960. 


17. Explain the difference between free vinbration and forced 
viabration, (Raj. U.—1955 ; Poo. U.—1979) 
18. Write a note on forced vibration. 


(Pat. U.—1932) 

19. A tuning fork is vibrating in free air, distinguish between 
the natures of vibration of the fork and of the medium, I! the 
handle of the vibrating fork is held against a wocden board, the 
amount of the sonnd produced is considerably increased. Explain 
carefully why this happen. Is the time, during wbich the fork 
goes on vibrating, affected ? If so, why so? (0. U.—1958) 


20. Explain why when the handle of vibrating tuning fork is 
Pressed against a thin wooden board, the intensity of sound is 
greatly increased, (0. U.—1955, '66 ; Of. Pat, U.—1958, '61) 


21, Explain clearly the difference between forced vibration and 
resonance, Give mechanical and acoustical illustration, 


(Bom. U.—1962, ’65 ; P, U.—1971) 
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Reserence 
, 22. A vibrating tuning fork is placed at the mouth of an open Art. 94 
jar and water is poured into the jar gradually. Explain what will 
happen. (0, U.—1958, '65 ; P. U.—1972) 
23. What is meant by resonance? Give mechanical and Art, 34 
acoustical illustration. 
24, Explain the principle of resonance. Art. 84 


(Del. H. 8.—1958, 60, '72 ; C. U,—1959; Pat. U.—1980 ; 
Guj. U.—1958 ; Utk. U.—1953; R. P. B.—1962) 


95. What is meant by resonance? Calculate approximately Art, $4 
the iength of the resonance box closed at one end on which a 
tuning fork is to be mounted. The pitch is 256 and the velocity 
of Sound is 1120 ft. per sec. Would the same resonance box answer 
for a fork of another pitch? If so of what pitch ? 


Ans, 1°09 tt. Yes, it would be 768, 


96. What are the factors determining the loudness of a musical 
note ? E (E. P. U.—1963, '64) 


OHAPTER V 
MUSICAL SOUNDS 


36 Musical Sounds and Noises—We ordinarily distinguish 
between a musical sound and a noise by a sense of comparative choice. 
A musical sound consists of regular and periodic vibration, whilst 
noise is a discontinuous sound produced by & sort of confased, sharp 
and irregular movements in a medium. In spite of all these, differences 
no clear line of domardation can be drawn between the two. For 
example, a person standing near & market place might experience 
noise coming from it; but when he is at a distance, the noisy sounds, 
as they move on are blended together to form a regular hum. Tho 
gurgling of a feuntain, the murmuring of a brooke and the pattering 
of rain drops often produce pleasing sounds. 

Characteristics of a Musical Sound—Musical sounds are distin- 
guished from one another in respect of the following features : 

(i) Intensity—It is a measure of the loudness of a note, It has 
been discussed in details in Art. 35. 

(ii) Piteh—It is the property, by which an acute, sharp or shrill 
sound is distinguished from a dull, flat or grave one. It will. be 
shown that the pitch of a note depends upon the frequency of vibra- 
tion of the source. 

(ii) Quality—tIt is the property by which two notes of the same 
pitch (and possibly of the same intensity) given out by two different’ 
sources may be distinguished from each other. This property 
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(discussed in details in Art. 40 under the heading ‘Quality of a 
Musieal note’) is also termed character, colour or timbre. 


37. Pitch—The relation between the pitch and the frequency 
ean be demonstrated by an apparatus 
known as Savart’s Toothed Wheel. 1i 
consists of four discs (Fig. 47) mounted 
co-axially upon a spindle which can be 
rotated at any known speed. All the 
discs are of the same diameter ; but the 
number of the teeth on the successive 
dises are in some fixed ratio 4 : 5: 6: 8. 
A cardboard C is clamped in front of the 
disc, so that it can be made to press 
lightly agaiast any row of teeth 


Fig. 47 When the spindle is gradually rotated 

a pattering sound is heard initially On 

gradually raising the speed of revolution a musical note is emitted, 

acuteness of which slowly rises. If m be the number of revolutions 

of the dise having » number of teeth, the frequency, with which the 

cardboard vibrates at any tims, is mXn. This shows that with the 
increass of frequancy of the source, the pitch of a note rises 


The pitch depends upon the frequency of a vibrating source in 
much the same way as the colour depends upon the frequency of 
light radiations, It is known that the electro-magnetic radiations of 
all frequancies as a whole, are not visible, but that only a very short 
range from tha red to violet spectral colours produces the sensation 
of sight. Likewise our range of audibility is limited, Although 
different for different persons, tha highest frequency, to. which our 
ear is sensitive, varies between 30,000 and 40,000 cycles per second. 
This can be experimentally varified by an apparatus known as the 
Galton's Whistle or an audio-frequency oscillator with a loudspeaker. 
The lowest audible frequency lies between 16 to 20 cycles per 
second. Beyond these limits no mechanical vibration, can produce 
any effect in our ears. Frequencies above the highest limits of 
andibility are classed under supsrsonics or ultra-soniss. "The frequencies 
below the audible limits are called infra-sonics. 


It may be noted in this connection that the pitch of note also 
depends upon the relative motion of the source, medium and the 
observer. Tis is explained in Doppler’s Principle (Sce Chapter Xl). 


98. Determination of Pitch—There are mainly two ways of 
determining the pitch cf a musical note: 


_,, fi) Direct or Visual method by (a) Duhamel’s Vibroscope, or 


(b) Stroboscopic Wheel, or (c) Falling Plate Method. 


- (ii) Indirect or Auricular method by (a) Savaris Toothed wheel 
or (b) Siren, or (c) Sovometer, or (d) Resonance Column. The methods, 
mentioned above, will now be dealt with one by one, 
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Duhamei’s Vibroscove—When the frequency of vibration of a 
body is to be directly recorded, this apparatus is very suitable. It 
consists of a cylindrical drum D 
(Fig. 48) which is mounted on a screw 
cub axle and is provided with a handle 
on one side. A piece of smoked paper 
is wrapped round the drum. The tuning 
fork T, the frequency of which is to 
be determined, is provided at one of 
its prongs with a style which lightly 
touches the smoked paper. The fork 
is then struck. On rotating the drum 
uniformly, a wavy line is traced out 
by the style on the smoked paper 
The nature of the wavy line traced on 
the smoked paper is shown in Fig 48. 
If two points be marked on the wavy 
line at known interval, the number 
of complete vibrations of the fork 
during that interval can be directly 
counted. Fig. 48—Duhamel's Vibroscope 


Due to friction of the style with the paper, the amplitudes of 
successive vibrations gradually die away. In actual practice the 
tuning fork is run electro-magnetically ‘Art. 2) and the recording of 
time is made with an electrical pendulum, which produces sparks at 
the end of the style at known regular intervals. These sparks give 
spots on the wavy line. The number of complete waves between 
any two consecutive sparks gives the number of vibrations during 
that period. 

Stroboscopic Wheel—For a detailed description of such an 
apparatus, vide Chapter TX. 


Falling Plate Method—In its simplest construction the apparatus 
consists of a rectangular glass plate capable of falling freely under 
the action of gravity in a space betwoen two parallel grooves, 80 
that the plate always remains vertical. The tuning fork, whose 
frequency is to be determined, is provided with a style at one prong 
as shown in Fig. 48 and the tuning fork is held rigidly in such & 
way that its prong just touches the surface of the plate in a normal 
position. The tuning fork may be excited by a padded hammer. Else 
it may be run continuously with an electro-magnet and a contact 
switch 

The glass plate is taken out and smoked lightly with lamp black, 
Then it is suspended within the grcove by tying it with thread from a 
suitable stand in such a way that the prong touches the lower part of 
tha plate. The tuning fork is now made to vibrate, so that the prong 
eteaes a horizontal line on the lamp back surface. The plate is then 
released by cutting off the thread when it falls freely under the action 
of g-avity. A trace of the style is found on the plate of the nature of 
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Fig. 49 (Vide GENERAL PHYSICS, Part I) the starting point of 
the curve being the top of the figure. A line is drawn vertically 
and evenly through the curves. 

On this line two points are taken each at the junction of the 
curve at two measured distances from tke top, say s, and sy, Mark 
these points as æ and d. Count the number of complete waves 
between these two points Let this number be m. Suppose t, and 
ta are the times required by the plate to fall throvgh the distances 
3, and 34 


Then $,-3 gl?, whence t, TA n. Similarly t, = NES 
g g 


D tactu af a , sat 
g J® 


If T be the period of vibration of the tuning fork and n be its 
frequency of vibration, then since m vibrations take place in the 
interval £a — ti, we find 


m /?g, | fü», B 
—9mT-i-i e. 209. f2 42 giu, 
^ aby a Jj J^ E RICH $1); 
whence n= fo Ny BEL, eN 
2 Ns- Js 


) Thus by knowing m, 9, 31 and sa, the frequency » can be 
measured. 


Savart’s Toothed Wheel—This apparatus already been described 
n the preceding article To use the apparatus glace (he source of 


Fig; 49—Wave trace of a Tuning Fork 


sound on a table, Adjust the speed of the wheel, such ¢ 

emitted by the cardboard is similar to that of (D d The 
frequency of the cardboard js then equal to the frequency ‘of the 

tource. If m be the number of revolutions per second of the dico 
_ having n teeth, the pitch is evidently mz, f; 


TE ,, 

 Seebeck’s Siren--Ti consists of a metal dise containing four 
Tows of | equidistant holes drilled along the circumference "s con- 
centric circles (Fig. 50). The dise can be rotated at any desired 
Bpeed on a spindle provided with & speed counter. A narrow tube 
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ending in a nozzle stands against the disc. The tube is connected’ 
to a foo; bellows, from which air can be forced against the (disc. 
The rozzle is set just opposite to one row of 
holes and the disc is rotated. The air is thus 
admitted or stopped, according as a hole or a 
stop passes by the nozzle. Thus a series of 
puffs of air is released at regular intervals, 
which emits a note of a particular pitch. 

To determine the pitch of a note, regulate 
the speed of the siren disc, till the note 
emitted by the source appears to be identical 
with that given out by the siren. Then the 
pitch of the note heard is equal to that of 
the siren. I! the number of holes for a com- 
plete round b» m and the frequency of revo- Fig. 50 -Siren 
lution be m, tha pitch o^ the note is mn 


Cagnaird de la Tour’s Siren— This is a mora improved type of 
siren which can proluce sounds of high pitch. The essential parts of’ 
the apparatus are the following (Fig. 51) :— 


(i) a cylindrical hollow box B, known. 
as the wind chest, the lid of which contains 
equidistant concentric holes ; 


(ii) a dise D with an exactly equal. 
number of holes, supported just above the- 
lid over a vertical spindle, about which it. 
can rotate with as little friction as a possible. 
(The two systems of holes make an angle- 
with each other, so that air blown into the 
wind chest through a leading pipe rushes” 
out and strike against the sides of the hole.. 
This rotates the upper plate D); 

liii) a leading pipe A from a foot- 
bellows to the wind chest; 

(iv) a speed counter PP attached to ther 
vertical shaft on tle disc. 

Fig. 51 Every time the two rows of holes are 
opposite each o%her during the rotation of the disc, a puff of air 
escapes through each hole of the upper disc If the upper disc 


- contains m holes and its frequency of revolution is m as indicated’ 


by the speed counter, the number of puffs issuing from any whole 
in the lid in one second is equal to mXn. The m holes in the lid 


- merely serve to magnify the sound m times, since af any particular: 


instant m puffs come out simultaneously from the wind chest. The 
modern type of this siren is run electrically and is largely used ag 


signals, 


Sonometer—The determination of frequency of a source of sound’ 
by this method consists is tuning th» note of a sonometer wire» 
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of the known mass by properly adjusting its tension and length with 
the note emitted by the source, (Vide Art. 45). 


Resonance Air Column—With reference to Art. 36 it has been 
stated that when a source of sound is held at the mouth of a tube 
partly immersed in water, a resonance occurs at a certain height of 
the tube, depending upon the frequency of the source. The frequency 
can be determined, when the length of the exposed part of the tube 
and the velocity of sound are known (Vide Art. 49). 


Examples ; 


1, The disc of a siren is making 10 revolutions per second. How many holes 
must it possess in order that it may produce 4 beats per second with a tunim, 
fork of frequency 484 ? {o. U.—1943] 


Ans. Let the number of holes in the siren responsible for the production of 
sound be m, Since the frequency of revolution is 10, the pitch of the note 
produced — 10. 


Four beats are heard with a tuning fork of frequency 484, Consequently, 
the pitoh of the siren may be 4844-4 ie, 488 or 480. Now either of these 
numbers would be equal to 10m, where m is an integer. It, therefore, follows that 
if we put 10m=480, the value of m is integral and equals 48. Not so is the case 
if we consider 488. 


2, In an experiment to find the frequency of a fork by dropping plate method 
the plate was dropped through 2'5 cms. While falling through another 11:9 cms. 
the fork was found to make 24 vibration, Calculate the frequency of this fork, 
given that g=960 oms./sec.?. (Del. H. 8. 1946] 


Ans. Let the time required by tho plate to fall freely from rest through & 
distance of 2°5 oms., be £, seconds, 
Since s=igt,? we have gt,*=265, or 490 (,?-3 b. 
H 
Io = 
or, f, ios' or t, =0'071 seo. 


Again let the time or during which the plate falls through a total distance 
of 25--11'9 or 14'4 cms, be ¢,. Then for a similar reason, 


2522144, whence t,=A/ M3 45504171 seo 
149 ; 

Therefore the time to fall through a distance of 11'9 cms. is— (0 171-— 0071 
sep. O1 sec. If T be the period of vibration cf the fork and n its Eos hé 
T=}, Since by the-problem, 24T=0'1, we deduce =o, whence the desired 
frequency is 240 per sound. 


39. Quality of a Musieal Note—The quality depends on the form 
of the time-displacement curve. Figure 52 represents the displacement 
graphs due two 
musical sounds. The 
wave-length for both 
the curves is the 
length of the line 

efore 

Fig. 52—Wave ourves for Two Notes e Ld M edo 
frequency or pitch, since the velocities for both the waves are equal. 
The amplitude for both the curves are equal, though they do not 
‘Occur at the same instant. fo their intensity is the same, Yet 


ART. 4l MUSICAL SOUNDS 61 


because the shape is not the same for the two curves, the two notes 

heard may be distinguished from each other. The sine curve MAN 

is that due to a tuning fork and the sawtooth curve MBN is due to 

violin string (Fig. 52). It is due to the difference in the nature of 
bc 


Fig. 58—Wave curve for a Complex Note 


these two displacement curves that two notes have got different 
qualities. 

Figure 53 represents a waye form of another note, which is very 
much different from a simple harmonic curve. The line of reference 
is the central straight line and the wave curve is periodic in rature. 
The wave-length is the distance between the points B, O, D, etc. 
Such a complex wave form is due to the presence of harmonic fre- 
quencies in it. Thus the quality of a musical sound finally depends 
on the number of various harmonics present in it and their relative 
phases and intensities. 


40. *Consonance and Dissonance—It is an observed fact that 
when two simple tones of different frequencies are sounded together 
their combination sometimes creates a pleasing sensation to tbe ear. 
This is known as consonance and the two sounds are said to p:oduce 
a concord. Again, the combination of two tones, even when each is 
musical, is sometimes very much disagreeable. This is called 
dissonance and the tones produce a discord. 

Helmholtz suggested that this discordance or dissonance is due to 
the production of beats between the component tones, which prcduce 
a sort of jarking sensation to the tympanic membrane of the ear. A 
similar effect is felt in the eye when a light is flickering before it. 


41. Musical Interval—The amount of agreenbleness produced, 


when two notes are sounded together, has been experimented over & 


wide range of frequencies. It has been found in all cases that two 
notes form a pleasing combination, when the ratio of their frequencies 
is expressible by two simple integers, neither of which is very large, 
The ratio is called the interval between the two given notes. For 
example, if nı be the frequency of one source and n that of the other, 
the interval between them ism,/ms. Again, if mi, ma and ns be the 
frequencies corresponding to three notes, the interval between the 
first and the second is »/ng and that between the second and the 
third is ma/ms. Also the interval between the first and the third 
is nı/ns. But as 


nns 7 nilns X nafns, 
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the total interval (nı/na) between two notes is obtained by. multi, lying 
-the component intervals due toa note having en intermediate 
frequency na. 


*42. Musical Scalo—Between a particular note and its octave six 
intermediate rotes haye been chosen, such that the interval between 
any two of them may be exactly, or very nearly, equal to the principal 
constant ratio. The ear is able to distinguish the succession of 
these tones, There are called the musical scales and are distinguished 
‘by the letters 

G; DUE EG BS 


Tce interval between O and c is an octave. The lowest of the 
-series that is O here is celled the tonie or the key note of the scale, 
"The musicians often name these scales as follows : 

Do re mi fa sol la si do...( Western system), 
vor Sa ro ga ma pa dha mni sa...(Jndian system) 


Do or Sa being the key-note. The intervals between the key-note 
sand the successive scales are 


l $ & $ & $ 78 and 2, 

The relative frequencies are 
24, 27, 30, 39, 36, 40, 45 and 48. 

Tne intervals between each pair of consecutive notes are 
$ WV, 4%, 3$, X, 3 and HH 

It is seen that the intervals are'a major tone (2), minor tore (A) 


~or a semi-tone (1$). There are two mejor tones D:O and G: F im 
the scale. For this reason it is called Major Diatonic Scale. 


Tempered Scale—To suit the voice of a singer in music, any of 
the scale may be selected as the key-note. For this reason ti e 
"dintorie system is not suitable as would be put in evidence from thé 
following illustration ; 


Let the frequency of the tone of a scale be 206. According to 
the chosen intervals the frequencies of the scale corresponding t 
this fone are 


[5 D dB M ug A B c d e 
256 288 820 341 384 427 480 512 576 640 682 


If the frequency 288 be chosen as the tone, the succeeding scales. 
-according to the same intervals are 


p^" m eee Biv greg qt 
288 324 360 384 432 480 540 576 648 790 


It is seen from the above that the sceles corresponding to C the 
“key-note do not fit exactly into the scales corresponding to D as the 
key-note and so some new scales are necessary. If, again, E is selects 
as the key-note, there should be some more scales are to complete its 
‘octave. In this way innumerable scales are to be constructed co 88 
4o suit any one as the key-note. 
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To meet this difficulty some of the intermediate scales have been 
slightly altered ia frequencies in such a way that the notes corres- 
ponding to one as the key-note may serve for any other key-note. 
Tho slight alternation in frequency is called musical temperament, 
The successive intervals are the same in the tempered scale, In an 
octave consisting of 8 scales, 6 additional scales have been introduced, 
making a total of 13 scales having 12 intervals. Since the interval 
of an octave is 2, the successive intervals being z, we find 


a 2 =2, 
or m-9T* 1065946. 


In equally tempered scales the notes with the corresponding 
intervals are 


9 Os 4 DisnDs, WE Conus. ^ ie Ge 289. "Avo Ae Bie 
1 gt? gir gs gis gisgis gia gts ote off ott g 


The sign S attached to a note denotes the corresponding sh or 
sharpened mote. In a pinno or harmonium the white keys (e.g., 
O, D, E, ete.) represent primary notes, while the black keys (e.g., Os, 
Ds, ete.) represent the sharp notes. Note that sharp note of a 
preceding key is equivalent to the flat or flattened note of the 
succesding key; e. Os=Dr, Ds= Hr, eto. the sign F being indica- 
tive of a flat note. 


The following table shows the change brought about by equal 
temperament. 


[e D E F G A Borie 


Natural scale . 1°000 1°125 1'260 1°833 1°600 1°667 1°875 9000 
Tempered soale...1°000 1'122 1'160 1°325 1'498 1°682 1°888 2'000 
Frequencies  ... 200 2872 322°5  339'2 383'3 480°6 438'8 612 


44. National and Pitch for Musical Scales—Helmholtz’s 
notation of the scales is usually adopted musicians and is represented 
over any octave by the letters : 


Os Ds Fs Gs As 
Qf DENT D EF G A Be 
Dr Er Gr AF Br 
a at a «i fs 
Cem cera aft tam Cate 
a a * xd ait {i fam 


In musis, many such octaves are necessary one after the other. 
They are all designated by the same letters but with different sub- 
soripts. The gravest octave bogins which O,, D,, etc, O; having a 
frequency of 32. Tne note is the same as that of the fundamental 
of a 16-foot organ pipe. Hence tho octave Cı to Bi is commonly 
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spoken of as 16 foot octave. The jnitial and final letters with their 
corresponding frequencies of all the octaves of a pianoforte are 


Ast 9nd 3rd 4th 
Octaves 0,...t0 ..Bi| ©. +t0...B | o...to...b c..to b' 
Frequencies | 32 .. to.. 60 64..-to...120 |198 . to...240 |256...to...4€0 
l 5th 6th Tth 
Octaves PAA b" Q"*:..to...b! "' e", tob! " 
Frequencies | 512... to.. 960 1024...to 1920! 2048 .. to...3840 


As shown above, the musical range rarely exceeds 7 octaves since 
the fundamental frequency approximately lower than 89 or higher 
than 3840 loses its musical character. For this reason a complete 
musical scale, as that in a piano, contains 7 octaves. It must not be 
thought that in music frequencies higher than about 4000 are not 
required. To have the quality of a sound a few harmonics along 
with the fundamental tone are always required. The harmonics of 
higher pitch of musical notes are sometimes found to have frequencies 
as high as 10,000 or even higher. It is for this reason that to 
reproduoe a music faithfully and sonorously, amplifier speakers 
should haye a frequency response from 20 up to 10,000. 


45. Some Technical Terms—The following terms are commonly 
used in music ; 

Triad—Whenever three notes are sounded tegether, such that 
their frequency ratio is 4:5: 6, they form a concordant combination. 
This is known as a musical triad. Thus O, E, G or F, A, Care 
triads, 

Chord—lIf a triad be sounded with an additional note, such that 
this stands on octave to the lowest note of the triad, the combination 
js called a chord. The common chord is formed of the first, third 
and the fifth of the notes of the scale, the interval. between the first 
and the third being $, and that between the first and the fifth $ 
The intervals are known as the major chord and minor chord. 


; Harmony—Any combination of a number of notes, which being 
simultaneously sounded produces a sensation of a concordance, is 
known as a harmony. Western musie, which mainly consists of chords 
and triads, is based on the principle of production of harmony. 

Melody— When a series of notes is successively produced in such 
a way that the resulting combination produces a musical sensation, 
it is onlled a melody. Indian music, which mainly consists of tans 
and gitkiris, is based upon*the production of melody. 

Solo—When a single instrument is played upon, it is called a 
solo; ¢g-, a piano-rolo or a violin-solo. 

Orehestra— When a number of musical instrument is played upon 
to produce an atmosphere of harmony or melody or both it is called. 
an orchestra. 


#46. , Human voice—The organ, that enables a person to speak 
or sing, is called the larynx or the voice bor, a transverse section of 
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which is shown in Figure 54. It is situated in the trachea or 
the wind-pipe of the throat. It consists of two flat and thin 
membranous bands OC, O, called the 
vocal chords, which are stretched 
across the trachea. The membranes are 
attached to the muscles, which regulate 
their tensions as well as the air space 
between them. This space is known as 
the vocal slit. 


When air from the lungs is forced out 
through the slit, these membranes are set 
into vibrations like reeds producing a 
sound. The nature of sound given out 
depends upon the sir cavilies of nose, Fig. 54 
mouth and throat, which act as resonators. di : 
The natural pitch of the voice can be altered by altering their capacity 
and the size of their openings. The movements of the tongue and 
jaws give rise to articulate sounds, The peculiar vibrations of the 
vocal chords can be observed with an apparatus known as a 
laryngoscope. In whispers the vocal chords remain open and are 
not set into vibration. The sound is produced by the expulsion of 
air through the opening of the throat and mouth. The resonating 
effect of the air cavities can be detected, when air is forced through 
the lungs with the mouth open. It is found that & faint dull sound 
is emitted in every case, the nature of which depends upon the shape 
of the mouth. 

The pitch of the human yoice depends on the tension and thick- 
ness of the yocal chords, The vocal chords of men are much larger 
and thicker than those of women and children. For this reason a 
male voice is much deeper than that of a female. 

47, Human ear—The human ear may be subdivided into three 
parts, viz., (1) eternal ear, (2) middle ear and (3) internal ear or 
labyrinth. 


Ecs 


Fig. 56—Magnifled section of Oochlea 


Fig. 65—Human Far js pe € 
ternal ear consists of the pinna or the projecting extension 
T ie 55). The form of the outer ear is slightly concave, so as to 


Pt, I/5—5 
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be able to collect sound waves and concentrate them into the ear 
passage. There are three small muscles attached to pinna and these 
are meant to turn the ear in various directions. These muscles are 
much active in lower animals; but with human beings they have 
fallen almost out of use. 


The auditory meatus is the ear passage M. It is about an inch in 
length and is closed at the inner end by membrana tympani or the 
ear drum D, which is an elastic membrane stretched across the ear 
passage. An external examination through the ear passage can 
provide a vi.w of the drum. 


The middle ear extends from the other side of the ear drum and 
consists of three little pieces of bone joined to one another and acting 
somewhat like a lever. One of these, H called the malleus or 
hammer, has one end attached to the tympanic membrane, while the 
other end is connected to the ineus or anvil A. This again, is coupled 
with one end on the stapes or the stirrup S ; the cther end is fixed 
on an oval membrane at the entrance of the internal ear. The function 
of these three inter-connected pieces of bones is to carry any vibration 
of the ear drum through the middle ear to the oval membrane on 
which rests the stirrup. In order to have an easy vibration of the 
ear drum, the pressure on either side of the drum is normally equal. 
This equality is preserved by the air filling the middle ear at atmos- 
pheric pressure and by maintenance of free communication of air by 
the tube E from the throat which is called Eustachian tube. 


The internal ear consists of the central oval cavity, called the 
vestibule, just behind the membrane on which the stirrup rests, 
From this region there extends a bony tube C, called the cochlea, 
which is spiral of two and a half turns and divided into two 
compartments throughout its length, but has no direct communication 
with each other except at their ends. Figure 56 represents a magni- 
fied transverse section of the cochlear tube. A watery fluid fills both 
the compartments. If any vibration is seb up on the oval membrane, 
waves are produced within this watery fluid in the upper compart- 
ment known as scala vestibuli (SV). These waves travel round the 
entire length of the cochlear canal until they come to the spiral end. 
At this end there is a tiny hole, called helicotrema. which communi- 
cates with the lower chamber known as scala tympani (ST). The waves 
turn round throigh the hole, enter the lower compartment, follow the 
entire course and are ultimately damped by another membrane closing 


around window just below the oval cavity. A thin and flexible 


membrane MR, called the membrane of Reissner, divides the scala 
vestibuli into a small trian 


nte gular compartment known as canal cochlea 
(CO) containing some fuid. A part of the vibration due to waves may 
pass across this region to the round window. The upper compar! ment 
contains basilar membrane (BM) and the organs of corti placed 
upon it. The membrane is connected to the auditory nerves of the 
brain through the hair cells in corti. 


The sonorous vibrations in the air are ‘collected by the pinna and 


are led to the auditory’ meatus, The waves, as they travel down the 
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ear passage, are more and more condensed and finally they impinge 
upon the ear drum, causing it to vibrate likewise. When the ear 
drum vibrates, it sets the malleus into similar vibration and thus & 
similar motion is handed on to the membrane of the fenestra ovalis- 
through the anvil and the stirrup. The vibration of fenestra ovalis. 
is communicated to the fluid and throws into resonance that part of 
the basilar membrane which has & natural frequency equal to that of 
the incoming waves. The vibrations of the membrane set those hair- 
cells of corti into resonance which have the same natural frequency.. 
Thence they are ultimately carried to the brain where the sensation 
sound is perceived. 

Although not directly connected with the sensation of hearing the: 
internal ear is provided with three semi-circular bony pipes N contain-- 
ing some fluid. These three pipes have got their bends in three per- 
pendicular planes and are inter-connected with one another. They are 
known as semi-circular canals and are suppossd to maintain the 
stability of a man while standing up or walking. Any disturbance 
of the fluid in any one of these pipes would cause temporary 
instability. 


EXERCISES ON CHAPTER V 


Referencer 

1. Explain the terms loudness, pitch and quality of sound. Art, 36- 
(Anna. U,—1961; P. U.—1969; Dac. U.—1962; Utk. U.—1968) 

2, What is the essential feature of a musical note which Art. 96- 
distinguishes it from noise? (P. U.—1953, '69 ; C, U.—1951) 

8. Distingui.h clearly between the loudness and pitch of a Art, 36- 
musical note. On what physical conditions of the body do they 
respectively depend ? (Dac, U.—1940, '52, '63; C. U.— 1956 ; 
Pat, U.—1958 ; P. U,—1955, '68, '66) 

4. Desoribe some form of siren and explain how you would use Art, 88 


it to determine the frequency of a note. 
(Utk. U.—1961; Gau. U.—1951, "65; OC. U.—1950, "63, "66 + 
Pat., U.—1957, '58, 70) 
5. A siren having a ring of 200 holes is making 182 revolu- Art. 38. 
tions per minute. It is found to emit a note which is an octave 


lower than that cf a given tuning fork. Find the frequency cf 
the latter. (Gau. U.—1965) 


Ans, 800 per sec. 

6. Describe sore form of siren and explain its action. The Art. 38. 
disc of a siren is making 10 revolutions per second. How mony 
toles must it possess in order that it may be in unison with a 
tuning fork of frequenoy 480? (Dac. U.—1962) 


Ans. 48. 

7. Describe a direct method of determining the frequency of Art. 387 
a tuning fork. (Del. H, S.—1959 , Del. U.—1960, 2) 

8. The cylinder of a Duhamel's Vibroscope is of diameter Art. 38 
14 cms. When it is rotated once per gecond, the nnmber of wavy 
curves present in a length of 44 cms. on the drum is found to be 
100. Find the frequency of the tuning fork iracing such a curve, 
(w= 22/5). : 
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Reference 
Ans. Since the radius of the cylinder is 7 omes. and as it un- 
dergoes one revolution per sec., the distance moved through by 
any point on the cylinder in one second (2x 1X3?) om,=44 oms, 
As the number of waves in 44 cms. on the dram is 100, 
r » » 4, 44 oms. „ —2x44-100. 
Hence the frequency of fhe fork —100 cycles per second. 
Art. 47 9. Describe a human ear with a sectional diagram. 
(Cf. Guj- U.—1964 ; O. U.—1962) 
Art, 47 10. Give a brief description of the human ear with a neat 
diageam and mention the functions of the different parts. 
(0. U.—1958) 
Art. 41 1i. What are musical intervals. Explain the various ways of 
dividing an octave into musical intervals. (B. H. U.—1960) 
Art, 42 12. What is meant by diatonic scale? 
(Bom. U.—1902; Guj. U.—1958, '65 ; E. P. U.—1960) 
Art, 49 13. Write a note on Tempered Scale. 
(Bom, U.—1970 ; Guj. U.—1961, '65) 
Arts. 14. Define musica! interval, harmony, melody and chord, 
41 & 45 Show that the interval sa and ga, is obtained by multiplying the 
intervals sa and re, ro and ga, but not by adding them, 
(P. U.—1958) 
Art, 41 15. Write the relative frequencies of notes comprising a 
diatonio scale and find the interval between each pair of conse- 
cutive notes. (P. U.—1953, '65) 
Art. 41 16. Give the relative frequencies of notes in a diatonic scale 
showing where half notes come in. (P. U.—1969) 
Arts. 17. What do you understand by the terms fundamental 
40 & 41 notos, musioal interval and octave? Illustrate these by reference 


to diatonic scale and show that the interval between two notes 
is equal to the product of the notes lying between them. 
D (P. U.—1968) 


OHAPTER VI 
VIBRATION OF STRINGS 


48, Vibration of a String—In Physies & string is defined to be 
a portion of a material medium having a length very large as compared 
to its breadth or thickness. Further, it must have uniform density 
and cross-section. A metal wire is a good example of a string. A 
piece of wire, fixed at one end and free at the other, can be made to 
yibrate either transversely or longitudinally. Ifa sudden jerk is given 
at the free end at right angles to the length of the wire, transverse 
pulse, which travels towards the fixed end with a definite velocity, is 
generated. 


When, however, a series of waves is seb up a continuous vibra- 
tory motion at the free end, these waves are reflected back from the 
fixed end. These two systems of waves are superposed along every 
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point of the string, giving rise to stationary waves. In the case of & 
string stretched between two points, stationary waves are also set 
up when it is plucked, struck or bowed. 


Longitudinal stationary waves can be generated in the wire or & 
rod fixed at one end, by rubbing it along its length with a piece of 
ein leather smeared with resin powder or with a piece of wet 

annel. 

*49. Velocity of Transverse Waves along a String—Set up & 
wave in a string under a fixed tension and let the wave move with 
a uniform velocity V in the direction of 
the arrow (Fig. 57). If the string as a 
whole be fixed in space, this wave curve 
would appear to & fixed observer to move 
from the left to the right over the string 
with a velocity V. If now the string 
system be assumed to move from the right 
to the left with an equal velocity, the 
wave curve would appear to the observer 
as fired ; but the string would appear to move through the wave 
curve with a velocity V in the opposite direction. If the top 
portion of the wave curve be assumed circular, the previous 
assumption leads to the case of a uniform circular motion of small 
part of a string having & tangential velocity V, which is equal 
and oppo.ite to the wave velocity. Ccnsider any point P on the 
curved portion and imagine two very small lengths Pa and Pb on 
either side of the point. Since the length ab of the curve is very 
small, its curvature may be assumed to be uniform. Of this curved 
portion let O be the centre of curvature. Join Oa and Ob. At the 
points a and b draw two tangents (on a suitable scale) away from P, 
the length of each being proportional to the tension of the string. 

Consider the equilibrium of the small element ab of the string in 
displaced state. Since the element is moving with a definite velocity 
V along the curvature, it is acted on by a centripetal force in the 
direction PO towards the centre O of the circular arc. Hence the 
sum of the components of the tensions at a and b in the direction 
PO supplies the necessary centripetal force. 


Fig. 57- Transverse pulse 


Det the uniform tension of the string =T 
„ length of each of the elements Pa and Pb =s 
„ maes per unit length of the string =m 
„ radius of curvature of ab =R 
„ angle subtended by ab at [0] = 90 
and  ,, linear velocity of the wave -V 


Then the component of the tensions acting at „both ends of the 
element ab along PO is=2T sin 6= 276, (since 0 is small) 


E 
apr y 


R 


s 
Also the centripetal force of the lence Ds y 


90 INTERMEDIATE PHYSICS CHAP. VI 


Hence for equilibrium we have the equation 


s _2ms V2 mU. w 1 
aT, ==, whence V Jz (49, 1) 


Examples ; 


1. Find the velocity of transverse wave in a string under a tension of 023 
txgm., the mass of the string for a length of 65 cm. being 052 gm. 
Ans, The tension in absolute unita= (0'23 x 1000x981) dynes. 


Also the mass per unit length of the string =" gm.=0'003 gm. 


Finally, the velocity of the waves Oe om,/seo. 
=5310 cm./seo. 

2. A rope weighing 50 grams per anti metre is stretched by a tension of 
25 kgm. weight between to points, 30 metres apart. If the rope is plucked at 
one end, how long will it take the resulting disturbance to reach the other end ? 
(Given g=980 o.g.s.) 

Ans. In absolute units the tension T=(25x 1000x980) dynes and the mass 
por length of the rope (50-100) gm jom. —0'b gm. per cm. Š 

the velocity V of the rope wave = JV Bex 880 om .[s-c. — 7000 om./sec. 
Hence the time ¢ for the pulse to reach from one end of the rope to the 


distance 
= 3200 seo, = 30 
other BERTET o sec, =3,2 sec, 


50. Sonometer (or Monocord )—The apparatus i 
‘wire SS stretched over a hollow wooden box An. about ado Ede 
(Fig. 58), Oae end of the string is attached to a peg- fixed on the 
box, while the other end passes over a palley and carries a pan P, on 
which loads are to be placed. There are two fixed bridges B,B, while 
a movable bridge O slides under the wire and can fix up any known 
Jength of the wire to be put into vibration. A second wire S'S' is 


Fig. 58—Sonometer 


"sometimes used for comparison or reference and is stretchod 
d 2 tretchod parallel 
to the first wire. To read the length of the portion of the string 


‘under vibration a metre seale is fixed along the entire length of the 
‘sonometer box. 


Frsqueney of Vibration of String—Take a piece ire of 
‘some length stretched over two bridges. When any Meis Shier aie 
between the brilges is plucked with finger, a wave is set up in it. The 
"wave is reflected again and again from the bridges and gives rise to a 
‘system of stationary waves. In the simple form of vibration the wire 
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has an antinode at the middle and nodes at the two bridges. Therefore, 

the length between the bridges is equal to half that of the wave. 


Let the wave-length of the wire =A 
» frequency of vibration on the wire =n 
» velocity of component waye along the wire -V 
and ,, length of the wire between the two bridges =} 


Then from above consideration if follows that A 9l. 


Also, by equ. (49, 1), V = J/£- Moreover, V —74. 


Hence n= T , whence, n=} T. ES (50, 1) 


where m denotes the mass per unit length of the wire, and T the 
tension. If the radius of cross-section of the wire be r, the area of 
the cross-section is zr?, ^ Also the volume of the wire per unit length 
is nr?. If the density of the material of the wire be p, the mass 
per unit length m of the wire is given by m=xr*p. 


i 2l) Tauck. 
Hence from (49,1) it follows that n à qoa ... (50,2) 


Examples ; 


1. Find the frequency of the note emitted by a string 50 cms. long stretched 
by a load of kilograms, if 1 metre length of the string weighs 2:45. gm. 
(g 980 oms./sec.*) [ E. P. U.—1963 ] 


Ans. Here the tension T=10,000x980 dynes, the mass per unit length 
(m=2'45 +100) or 0245 gm./om. and the length / of the vibrating segment =50 cm. 


apace | A / 10000 x 980 
3x50 0356 ' 


Oonsulting the log table, we get 


log 10,000 = 4/0000 69912 | 2 | 8'6020 4'801 
log  980=2'9912.| log ‘0245 - 2:*69 #301 | log 100=3'000 
/(6:9913- diff = 86020 2'301 

Antilog 2'301=200'0 .. the frequency n=200 oyoles/seo. 


9. A wire 23 cms; in length and 0'25 gm. in weight, produces, when plucked, 
a fundamental note of frequency 200. What is the tension in gm. wt. in the 
wire? (Given g=980 om.[seo?.) (Pat. U.—1953] 

Ans. Here 1=25 cms., mass m per unit length=0'25/65 gm./om.=0'1 gm./em. 
and 1-900. For the sonometer we now get 


ais V T whence the tension T— 10* dynes, 
x gm/wt. (since 980 dynes=1'gm. wt.) 
-10204 gm./wt. 


8. A copper wire, 100 cms. long and 1'8 mm. in diameter, vibrates 47 times 
per second when stretched with 20 kilos. Oalenlate the density of copper. 


wi TE ley 
Ans. Usual notation being stuck to, p rae 
Here 1=100 cms., 7=0'09 cm, n=47 and T=(20x1000x 981) dynes, 


4 20 x 1000 x 981 


^p 3x10 x(0095) xe gms,/c.c=8'72 gm, 6.0. 
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4. Two tuning forks A and B produce 4 beats per second when sounded 
together, A resounds to 82'4 oms., of stretched wire, while B is in unison with 
82 oms. of the same wire, Find the frequencies of the forks, [Mysore U.— 1952] 


Ans, Let T be the tension, and m the mass per unit length, of the stretched 
wire, If the fundamental frequencies of lengths 824 cms. and 32 cms. of the 
wire be n, and ny respectively, we have, 


li Am 1 T r 64 
fee = and n= Sa fra OS 
GARETT Vie ih V5 erat rg 
Evidently n,, is greater than ^;. Since the two tuning forks have frequencies 
fı, and n,, for 4 beats to be producd per sec. ,—n,=4, ie, n,—mn, +4. 
Substituting the value of fa, in the expression for frequency ratio, we obtain 


Lum Gh = = equencies are found. 

ata 68. or n,=320 and so n,=394, Thus the fri qu 

b. A steel wire, 04 om. in radius, is fixed to a rigid Support at one end and 
ls wrapped round a oylindrical toning peg, 0'25 cm. in radius, at the other 
end. The length of the wire between the peg and the support is 65 om., 
when the wire is stretched and tho tension is negligible What would be the 
frequenoy of the wire, if it is tightened by giving the peg a quarter of a turn ? 
Given that the density of steel is 7'6 @ms./ec, and that its Youngs’ modulus is 5 
20x 10** dynes/om.*, 

Ans, The circumference of the cylindrica] peg of length 2rr is 

7(2x814 X095) om. 


Bo for a quarter turn it coils the wire by the length 39 14x08 om, 
$e, (1°57 x 0'25) om. 


Again Young's modul force/area of cross-section d 
p & L na” increment in length/orig!nal length 


Force/3'14 x (*65)* Force x 65 
2X 103? = TO TEX) csi Er 13 
er dx10 eT OTIS” Kix(0j*xrorxas 2 10^ 
whence the tension on wiro= Foroe = EXT XB IX (0Q* 1°57 X98 pe 


Again masa per unit length of the Wire = +7? p=3'14 x (-04)? x 7*8 gm. 
Hence the frequency (n) of the fundamental tone is given by 


aeui: 2X10"? X 3:14 x (01)? XT 57x "5 1 3 X101? XT57x'25 

2x65 60x3':4 x (04)? x T8 130 65X78 x 
Fron the log table we found : 
log2 = 3010 log 65=1°8129 log 180=9'1159 
log 10'? =12'0000 log T8 
log 1'57= 1959 4'5949 
log '25— 1:3979 21182 

11'8948 219'1898 24810 ; antilog 2'481 =302"7 
2°7070 45949 
91898 


+, the frequency n is 30277 Cycles per second, 


51. Laws of Transverse Vibration of St ings: their Verifica- 
tion— It is evident from (50'1) that the frequency of & note given out 
by the transverse vibration of Strings depends upon the length, tenslon 
and mass per unit length of the string. 


(i) Law of length: nel, when T and m are constants; i.e., 


the freque;.cy of transverse vibration at a stretched string is inversely 
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proportional to its vibrating length for the tame or similar string 
(m remaining constant) under a constant stretching ferce. 

Take a number of tuning forks of frequencies ma; May Thoi +--+ 
Stretch a sonometer wire with a fixed load. Strike the tuning fork 
of frequency ms and place it on the board, Adjust the length of the 
wire by a movable bridge till it is in unison with the fork. Measure 
the length of the vibrating segment of the wire. Take three readings 
for the length and find the mean. Call it lh. 

With the other forks repeat the same operation. The resultant 
length of the wire is found to vary with different tuning forks. Call 
the mean lengths lrs ls, ls,...corresponding to the forks of frequencies. 
Ta, May ges Then 

Myla = nglg =Naly = ++ 
ie, nl =a constant. 

The relation between n and J is graphically represented by @ 
rectangular hyperkola. (Cf. Boyle's Law : PV = const.) 

(i) Law of Tension: næ XT, when J and m are constants ; i.. 
for a given length of the came string or a similar string, the frequency 
varies directly as the square root of the stretching force. 

Take-the sonometer provided, in addition to its main wire, with 
a reference wire under some tension. Stretch the main wire with a 
known tension Ty. Tune a certain length of it with a length ly of 
the reference wire. Change, the tension of the wire to Tg without 
alteration in its length. Tune it again with another length la of 
the reference wire. In this way find a number of lengths la, las 
of the reference w're corresponding to the tension Ts, T4... of the 
main wire. 

Now by the law of length, the frequencies nı and ns of the 
reference wire are inversely proportional to the length lı and ls. 


This means that lı : le =a: ni. 
mit 


Tt is found experimentally that Li. 
Ts hu 


(iii) Law of Mass: ned , when T and ] are constants ; ie, 
m 

when the tension and the length are kept constant, the frequency 

varies inversely as the square root of the mass per wnit length. 


Take a sonometer provided with a reference wire. Stretch a piece 
of wire over the movable bridges of the sonometer. Let she mass 
per unit length of the wire be mı. Take any fixed length of this 
wire and tune it with a length lı of the reference wire. Under the 
game load replace another wire of mass ma per unit length, Take 
a length of it equal to that of the first wire and tune it with a 
length la of the reference wire. 
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mi ht 


Experiments demonstrate that 2 
Ma la 


2 
my n 
Hence +=—*.., 
Me nı 


L 2 
But uot, 


nı 
by the First Law. 


" : 1 
or mini? =Mana*, which means mn*=constant, i.e., n Wes 


Example ; 


A string 50 cms, long and stretohed by a weight of 16 kgms, makes 256 
‘vibrations per second. How conld the frequency of the note be raised to 984, 
(a) by altering the length of the string, (b) by altering the stretching weight ? 


Ans. When the length is altered, other things 
"from the law of length that n,l,=n,l,. 


(Gau.—1962) 
remaining constant, we have 


Thus 8181,-256 x 50, whence the altered length 2335 cm. 
Again when the tens'on is changed, other things remaining constant, the law 


-of tension gives 
mom 4, 984? _ 246" 


^g Whence the required tension 22:5 kgm. 


PUT L oras 0 


52. Determination of Pitch by Sonometer—The pitch of a 
‘musical sound (¢.g., a tuning fork) may be determined with a sono- 
meter. Take & sonometer board and stretch a metal wire of a suitable 
diameter over it. Tie one end of the wire to the terminal peg and 
suspend a weight hanger at the other. Now place the wire over the 
‘sonometer pulley, so that the hanger is freely suspended. Place a load 
‘of 1 or 2 kilograms on the hanger so as to stretch the wire with 
‘some tension and put two movable bridges under the wire. 


Strike the tuning fork against a padded hammer and place it 
"upon the board. The tuning fork gives out a uniform sound. Now 


‘pluck the sonometer wire in between the 


bridge and compare the 


‘two sounds. If the note of the wire appears more acute than of the 
tuning fork, increase the vibrating segment of the wire by drawing 
apart the bridges In this way adjust the length of the string 
between the two bridges till the string on being plucked at this 
region gives out a note of the same Pitch as that of the tuning fork. 
‘When the two notes are in unison, a small paper ridér, on being 
Placed upon the string, will be thrown away as soon as the stem of 
the vibrating tuning fork is Placed on the board. When such a 
‘condition is attained. measure the length of the string between the 
‘two bridges, For the same Stretching load of the wire take three 
or four readings of the resonant length. Call the mean length } cm. 


Now take a sample of wire of the same 


specification as the sono- 


meter wire. Measure the length of this sample wire accurately by 
taking a number of readings. Suppose that the mean length of this 
wire is L em. Then measure the mass of the wire. Let the mass 


is recorded from 2 or 3 observations be M 


unit length m of the wire is M/L gm /em. 


force ia absolute units and call it T dynes, 
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T, the frequency n can be determined from equ. (50,1), (For further 
details, vide J. Ohatterjee's Intermediate Practical Physics). 


*53. Harmonics in a String—When a string vibrates in on 
segmant (Fig. 59, I) there are two noles at the fixed ends and an 
antinode at the middle, 
This is the simplest type 
of vibration of the string 
and its frequency is 
given by equ. (50, 1). The 
sound emitted by the 
string under this condi- 
tion is called the funda- 
montal tone or the first 
harmonic. 

Whon the string under some stretching load is held softly at its 
middle point and bowed, it vibrates into equal segments and emits a 
more acute sound. There are now threa nodes present in the string, 
—two at the ends and one at the middle (Fig. 59, II). Ifthe length 
of the string be J, it is obvious that | *4. Hence from equ. (50, T) 


i5 follows that 
TER I 1 T 2n, 


whore ma is the frequency of this note. The frequency na is double 
that of fundamental » and is called its second harmonic. In the 
standarl musical scale, this doabling of a frequency is known £8 & 
higher octave of a scale. 

It the string is similarly held at one-third of its length and if 
its shorter segment is bowed, it vibrates into three segments of equal 
longth (Fig. 59, III. A still more accute sound is audible at this 
stag. Here [—$34, whence ns is three times the fundamental tone 
and is called its third harmonic. In this way a particular wire may 
be mide to vibrate into any number of segments and emit its higher 
harmonies, 

Under the circumstances stated above, the frequencies of the 
harmonics are multiples of the frequency of the fundamental. When 
the string is bowed at random, it vibrates iato segments which are 
not very regular and the frequencies of the higher tones are not 
always exact multiples of that of the fundamental. These higher 
Bones are known as overtones or upper partials, 


Fig. 59—Harmonics in String 


EXERCISES ON CHAPTRR VI 


Reference 
1. Two similar wires of equal length are stretched weights Art, 49 
of 4 Ibs. and 9 lbs, Compare the frequencies of the notes emitted 
by the wires, when they are vibrating transversely. 
Ans 2:3, 
9, A stretched wire under a tension of lkgm. weight ls in Art. 49 


anison with a tuning fork of frequency 320. What alteration in 
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Reference 


Art, 49 


Art, 49 


Art, 51 


Art. 51 


Art. 51 


Art. 50 


Art. 50 


Art. 50 


Art. 50 


Art. 50 


INTERMEDIATE PHYSICS CHAP. VI 


tension would make the wire vibrate in unison with a fork of 
frequency 256? [B, H. U.—1971] 


Ans, 0'36 kgm. 


3. It one tuning foik is im unison with 128 cm. of a 
tensioned wire and another with 130 om. of the same wire 
tensioned doubly, calculate the frequency of the frst fork, if 
that of the second is 250. [Utk. U.—1969] 


Ans. 752 per sec. 


4. You are required to find the relation between the 
tension of a stretched string and the frequency of a note which 
it emite when plucked or bowed, Explain in detail how you 
would proceed. 

In one such experiment the following results were obtained ;— 

frequency+++260 320 80 480 

tension ...1'69 246 361 576 676 Ib. 

Plot a graph to show in the clearest possible manner. 

the relation between the frequency and tension, State 

in words the conclusion to be drawn form results. 

(Dac. U.—1961] 


5. Describe how you would prove that the frequency of 
transverse vibration of a string is proportional to the square root 
of the stretching force, [U. P. B.—1966] 


6. Upon what factors does the vibration frequency of & 
etretohed string depend ? 

(Cf. Poo. U.—1960; E. P. U.—1953; Raj. U.—1969, '73] 

7. Oalculate the pitch of fnndamental note of a string 25 
ems, in length and of mass ‘003 gm. per cm., the stretchin, 
weight being 3 kilograms. [Utk. U.—1959 

Ans. 636 per sec. 

8. A steel wire of length 60 cm. and diameter 8'5 mm, 
emits a note of 240 vibrations per seo., when stretched with a 
certain weight. A second steel wire bears the same weight but 
is of length 40 cm. and diameter 06 mm, Find the frequency 
of its fundamental tone, 


Ans. 800 per sco, 
9. On increasing the weight of stretching on given string 


by 2'5 kilograms, the frequency 1s altered in the ratio 8 : 2. 
Find the original stretching weight, [U. P. B.—1971) 


Ans. 2 kg. 
10. A sitar wire is 20 cm. long and it emits a note of 288 


vibrations per second. How far from the top may it be pressed, 
so that it may emit a note of 812 vibrations per second? 


Ans, 62 om, 


11. What is the fundamental frequency of transverse vibration 
of a steel wire, Imm. in diameter and 1 metre in length, hanging 
vertically from a rigid support with a mass of 20 kilograms atta- . 
ched to its lower end? (Density of steel—7 9 gm./co.) 

(Utk. U.—1967) 
Ans. 85'5 per sec, 


12, Two tuning forks when sounded together give 4 beats 
per second. One is in unison with a length of 26 om. of 9 
sonometer wire under constant tension, and the other with 
97 cm. of the same wire. Find the frequencies of the forks. 
(Raj. U.—1965 ; Bom. U.—1969) 
Ans. 988 per sec, and 884 per sec. 
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Referenec 


18, When will be the frequency of the note emitted by a wire, Art, 50 
50 om. in length, when stretched by a weight 25 kilograms, if 2 
metres of the wire ba found to weigh 4°79 grams ? 

Ans. 890 per sec. 

14, Two steel wires of the same length emit their fundamental Art. 50 
motes, when stretched by 729 gm. and 394 gm The ratio between 
the frequencies produced is 1:2. Find the ratio between the 
diameters of the two wires. 


Ans, 351. 
15. Btate the laws of fundamental vibration of stretched Arts, 
string. (U. P. B.—1962 ; Gau. U.—1959 ; And, U. 1970 ; 50 & 51 
Y. U.—1952, Bom. U.—1961, Cf. B. H. U.—1973) 
16. State the laws of transverse vibration of a stretched string Art, 51 


and desoribe experiments to vorify them. 
(Utk. U.—1959, 73, Bom. U.—1964, O. U.—1950, '64, 
Del. U.—1951, '63, Pat. U.—1972, V. U —1954, Gnj. 
U.—1955, '66, B. H. U.—1951, '59, U. P. B.—1900, '63) 
17. A sonometer wire is stretohed with a certain force, If Art, 50 
the force 13 increased 4 times and the length of the wire is reduced 
to half its orlginal value, how is the frequency of the nots altered 7 
(om, U.—1971) 
Ans, Increased 4 times. 
18, Describe some accurate method of determining tho fre- Art. 52 
quency of the note emitted from a given source, 
(Del. U,—1960, 64; U. P. B—1959, "63, ’75) 
19. How do you determine the pitch of a musical note, with Art, 62 
a sonometer ? (Mys. U. —1951. "72, And. U.—1960, "73, 
Bom, U.—1961, V. U.—1953, Nag. U.—1972, 
Dac. U.—1961, ’63) 
90, What are harmonics? How will you demonstrate their Art. 58 
formation in a sonometer wire? What important part is played 
by them in musical notes ? (U. P. B.—1960 ; Cf. Gan. U.—1965) 
91. The distance between the adjxcent nodes of a string in Art, 63 
transverse vibrations is 10 om. By how much should be the 
tension be altered so that this distance is halved? If it is desired 
to secure the same effect by altering the diameter how should the 


latter be changed ? (V. U.—1962) 
dns. TaT; D,73D.- 


CHAPTER VII 
VIBRATION OF AIR COLUMN 


54. Stationary Vibration in Closed Pipes—In one class of 
musical instruments (e.g., bugles, clarionets, etc.) the vibration of air 
within the instruments produces the characteristic notes. For 
simplicity we shall now study the nature of vibration of air column 
enclosed within a pipe of uniform cross-section. 
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Pipe closed at one end—Supjose that there is a uniform pipe 
closed at one end and open st the other. To 
seb the rir column witkin it into vibraticn, a 
source of sourd (e.g., a tuning fork) is placed 
near ifs open end. When the source of sound 
vibrates in front of the open end of a pipe, 
it sends forth within the pipe alternate com- 
pressions and rarefactions. These waves travel 
through the pipe and strike the closed end, 
whence they are reflected back towards the 
open end. As they reach the open end, they 
meet with the freshly generated incoming waves. 
Thus the two systems give rise to stationary 
waves and the whole column is thrown into a 
forced vibration with a frequency ecualling 
that of the tuning fork, when the source of 
scund is of such a frequency tkat the air 
column is thrown into resonance, tke nodes 
and antincdes of the stationary waves occupy 
fixed positions within the pipe. The air at the 

Fig. 60 open end of the pipe is free to moye inwards 
and cutwards with the maximum possible freedom. An antinode 
is, therefore, produced at this end. On the other hand, the layer of 
air in contact with the closed end cannot move freely, since the latter 
acts like a rigid wall. For this reason, a node is formed at a 
closed end, 


Fundamental of a clored pipe— The simplest case of resonance 
in & pipe occurs when an antinode A is formed at the oren end ard 
a node N at the closed end (Fig. 602). The air has got the maximum 
amplitude of vibration at the open end, gradually diminishing to 
no vibration at the closed end. The pulsa- 
tions of the air column can be well compared formar 
to those of a spiral spring of the same length 
as that of the pipe, and having one terminal N A 
attached to the fixed end, the other being fü 
free (F'g. 61). On producing slow oscillations 
at tbe free end of tte spring, this end is Fig. 61 
found to vibrate with the meximum amplitude. Tke emplitude gets 


gradually smaller in the successive ceils, till at the fixed end it 
becomes zero, 


Ifl be the length ofthe pipe, it is clear that the distance 
between a rode and the nex& antinode of the stationery air waves 
formed within the pipe is l| Now the distance between any two 
adjacent node and antinode is a quarter of the wave-length. Therfore 


1 i 
l= 2 where A stands for the wavelength of the constituent wave. 
But since V=n4 and 4741, it follows 


ned. is " we (54,1) 


il 


P 
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The note, having a frequency equal to the velocity of propagation 
divided by four times the length of the air column, is called the 
fundamental or first harmonic of the closed pipe. When a sounding 
source having a frequency equal to the fundamental frequency of the 
pipe is placed at the open end, the sound is much intensified due to. 
resonance. 


Harmonics in a closed pipe—The ‘next possible case of a 
stationary vibration in a closed pipe is that in which there are two 
antinodes and two nodes alternately placed along the pipe as shown 
in Fig. 60(b). In this case the wave-length of the stationary waves: 
is smaller. Cell it As, and the corresponding frequency of the note ng. 
The sprirg can also exhibit such a state of vibration, when the 
oscillations are suitably timed. It is seen from Fig. 60(b) that tke 
length of the pipe J is three-fourths of the wave-length As ; 


so ie But since V 77545 and "LET we get 


3 

.9V = sy 
m= Sun Vas tea a (54,9) 
The mole corresponding to na has a frequency three times that of 
the fur damental &nd,is thus the third harmonic. When the closed 

pipe is blown more strongly this note is emitted. 
Fig. 60(c) represents the next stage of the vibration, in which 
the pipe contains three nodes and three antincdes, evenly placed along 
its length. If As is the wave-length corresponding to this vibration, 


then Ay Fi so that 


Ns =F etn. de an — we (84,8) 

The note corresponding to ns has frequency five times that of the 
fundamental and is thus the fifth harmonie. Such & note is emitted 
by the pipe, when it is blown still more strongly. 

Proceeding in this’ way, it can be shown that & pipe closed at 
one end can emit a succession of tones of higher harmonics ( along 
with the fundamental) of the following frequencies :— 

n, 8n, 5n, Tn, eto. 

It is to be noted that only odd harmonics are present im the 
vibrations of a closed pipe. 

Tf an organ pipe is taken with a movable plunger or a piston , at 
one end, the note emitted by the pipe is found to rise in pitch, as 
the plunger is slowly pushed inwards, end to fall in pitch as the 
piston is pulled outwards, 


Examples : 
i. What will be the length of a closed pipe, if the lowest note has a frequency 
of 256 at 20°0 ? (Velocity of sound at 0°C=832 metres per sec.) [E.P.U.1962} 


‘Ans. Since the velocity of sound at 0°O is 882 m./sec. 
The velooly at 20°O is 332 (1+°00183 X20) m./sec. =344'44m/secs, 
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Tf the length of the closed pipe be ], and if we assume no end-correction, 

n7 Y. or l= Va 84415 m, =0 336 m.=83'6 om. 
4l 4n 4x256 

2. A closed pipe has a frequency of 230. Find the change of frequency, if the 
air inside the pipe is replaced by carbon dioxlde. (Velocity of sound in air is 350 
metres per second, and in carbon dioxide 273 metres per second), [And. U. 1952] 

Ans. Let the length of the closed pipe be | cm. Then the velocity of sound V 
is given by 4n!, where n is the frequency. Now for air V=386000 om./sec, and 
n=250 per sec. 

Hence 250%1x4=85000, whence 1-85 cm. 

For carbon dioxide V =27300 cm. per sec. 

Henco nx 4X 35=27800 whence n=195 per sec. 

Thus the change in frequency=(250—195)=55 por sec. 

55. Pipe open at the ends—When 9 source 
of sound vibrates in front of an open pipe, it 
generates a series of alternate compressions and 
rarefactions within the pipe. These pulses, as 
they reach the open and, come ba:k as a 
reflected system; the reflected pulses meeting 
the open end, come back as a direct pulses 
give rise to the stationary waves. As the 
ends have free communication with the out- 
side air, a layer of air at these regions can 
vibrate with the utmost- freedom. When air 
within the open pipe vibrates in resonance, 
antinodes are always formed at the open ends. 


Fundamental of an Open Pipe—As there 

are antinodes at the end of the pipe in a 

A stationary vibration, the simplest kind must have 

Fig. 62 a node at its middle. This condition is graphically 
represented in Fig. 69(a). 

The nature of vibration of the air volume in an open pipe can 
be: compared to that of a spring having the same length as that 
of the pipe but fixed at the middle part (Fig. 63). In this case 
oscillations must be generated simultaneously at both ends of the 
spring. It is evident from Fig. 62(a) that if | be the length of pipe, 


Int A where 4 is the wave-length of fundamental tone. 
NV. 
Thu -— Sm E " 
s penr (55,1) 


It may be noted that the frequency of the fundamental of an open 


pipe is twice that of the fundamental in a j 
closed pipe of the same length. Hence the I peyveveerr 


tone in the former is more acute than the a N A 
latter. Ifan open pipe while producing a note —————= 
is suddenly closed by hand or otherwise, the =——————_—_—_—__—= 
note changes to a less sharp one ; t.e., its pitch Fig. 63 
decreases. The effective length of the pipe oa 

here may be altered by including a metal plate across the open end. 
The pitch also may be slightly altered sliding a plate across the open end. 


| 
| 
| 
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A Harmonics in an Open Pipe—The next possible case of vibration 
in open pipe is shown in Fig. 62(b) in which the length of the pipe 
contains three antinodes. The length of the pipe then corresponds to 
one wave-length. This means that 1741. Accordingly, 


ne BREEN E =n. mee 1 sees (55,9) 
a2 c 
Hence the next higher tone is the sccond karmonic and stands an 


octave to the fundamental. 
The next higher harmonie is given out when stationary vibrations. 


are represented as in Fig. 69(c) i.. when 1=§2s. In that case, 
Y z3V we (55,3) 


nis Y. 92V z gn ha 
LIEGE 

Evidently this is the third harmonic. Proceeding in this way, it can 

bo shown that the open pipe can emit notes of frequencies n, 2n, 3n, 


Thus when air vibrates in an open pipe, all the harmonics may be 
present. An open pipe is for this rearon more suitable for making 


organ pipes and other wind intruments. 


Examples : 
1. The pitch of the fundamental note of an open organ pipe, 100 em. longs, 
is the same as that of a sonometer wire 200 om. long and of mass one gram por 


om, Find the tension of the wire. (Velocity of sound in air=832 metros per 
sec.) (Pat. U.—1953] 


Ans, For an open pipe of length om, the pitch of the fundamental note if 


given by 
aa Xe PD 166 which is the fundamental of the given pipe: 

This frequency is the same as that of a sonometer wire of length 200 om. and 
of mass of 1 gm. per unit length. Hence utilising the formula, we find that it 
the tension be T dynes, 

E T - - 5- T 4 b 
dx 300 T 166, whence T «(166 x 400) 440896 X 10* dynos. 

9. Open at both ends, an organ pipe 2 ft. 6 in. long, produces & beats por 
second with a similar pipe slightly short in length and the same number of beats 
with tuning fork at 0°C. Calculate the numbor of beats produced by the shorter 
pipe with the tuning fork at 22°O, (Velocity of sound st 0°O ig 1100 ft, per 
seo, and at 23^0 is 1144 ft. per soo.). 

Ans, Fox an open organ pipe of length J and for a velocity of found v, the 
frequency 7 of the fundamental note is given by 


1100 o 
m = —— Bec.— e . 
3i 35 por &ec.—440 per geo. at 0*Q. 
1 formula 9nl— V shows thata slightly shorter open organ pipe would 
higher frequency, If further 5 beats are produced when the two 
organ pipes are sounded together, the slightly shorter organ pipe must bave a 
frequency 440+5 or 445 per second, Since the tuning fork prodces 6 beats with 
the longer pipe, it bas a frequency of either 495 or 445 per second. 

The length of the shorter pipe at O'O is 1100/890 ft. Neglecting the slight 
alteration in length 99°O, the fundamental frequency at this temperature is clearly 


Ius yib./sec,=463 vibrations per second (nearly). 

Thus with a shorter pip 

else 445 the number of beats 
463—445, ie, 18 seo. 


Pt. 1/5—8 


The genera: 
have a slightly 


a at 22°C and with a tuning fork froquenoy 495 or 
heard is either 463-436, i.e, 28 per sec. or else 
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56. Resonance Air Column—A tell glass jar G (Fig. 64) is 

F nearly filled with Mone A glass tube Wen al 
Sa both ends is parily dipped into water and is kep 
vertical by a suitable clamp C. The surface of water 
standing within the glass tube forms the closed end. 
Since the tube can. be fixed with any length 
exposed, itis an arrangement for & closed pipe of 
adjustable length. 


Experiment—Hold the pipe with a very small 
part above water. Strite the tuning fork, whose 
frequency is to be determined, and hold it near the 
upper end of the glass tube. Gradually, increase 
the length of the exposed column till there is 
resonance. Measure the length from the surface of 
water to the open end of the pipe and call it J. At 
this stage, n=V/4l, by eqn. (64,1). So knowing the 
value of V, we can determine n. In actual practice, 
& number of readings for J is taken, both when the 
pipe is gradually raised up and lowered down. 


Fig. 64 Rayleigh, however, made a correction for the 
open end. He worked out mathematically that the antinode is not 
exactly ai the open end, but is at a distance of 0°6 xr. beyond this, 
where * is the radius of the tube. This is known as the end- 
correction, So according to Rayleigh, if lbe the actual length of the 
exposed part of the pipe at resonance, the effective length between 
the node and» the antinode of a stationary wave is 1+0°6xr, Taking 
the first resonance and making the end correction, the frequency of 
vibration » is, by eqn. (47,1), given by : 
E eas VIC 

41+ 06 xr) i 


; As the end-correstion. is. rather uncertain it may be eliminated by 
the following «procedure: ‘Raise the tube gradually till a second 
resonance is obtained.’ The exposed column is now three times the 
original length. The fundamental of this air column is one-third of n 
so, that the next higher (odd) harmonic is 3». The fundamental of 
the tuning fork is then resonant with the first odd harmonie of the 
air column. 


__ If the lengths of the air column in the two cases be 7 and 7’ and 
if the end-correction be @. then  2-4(L*z) and  84=4(I' +a), 
whence on elimination of z we get 2 —9(7— 1). 


As  V=n}, we find n-2V[a- VI —1) ... (56,2) 


The value of n on being known, that of V can be calculated,- It 
is important to note here that the value obtained gives the velocity 
of sound in moist air above the water column at the temperature of 
the laboratory. To get the velocity in dry air at 0°C, the value so 
obtained should be. corrected for temperature and humidity. (For 
deinils vide J. Chatterjee’s Intermediate Practical Physics.) 


n ... (56,1) 


ART. 56 VIBRATION OF AIR COLUMN 83 


) The mechanism, by which the iatensity of a sound increases when 
air resonates in a pipe open atone end, can be explained in the 
following mannor ; Imagiae a tuning fork of period T to be vibrating in 
froat of the pipe (Fig. 64), At any instant in course of its vibration, 
when a prong moves from B towards C, it is just sending forth a 
puls» of compression, which travels down the length of the pipe. As 
a pulse of compression iù reflects at the closed end E and travels 
upwards. When the pulse comes back to the end D it is again 
reflected at the end E withoat changing its nature and travels towards 
D. As it finally reaches D, it is transformed into a pulse of com- 
pcessi»a. Hence starting along DE, a wave of compression at D becomes 
a wave of compression at the same place after travelling four times 
ihe length DE. If V be the velocity of sound within the tubo and 1 
ba the distance DE, the time to move through the distance 4l is 
4l/V. If during this time the prong moves from B to O, O to A and 
back to B, ie, it it executes one complete vibration, it is just 
producing another pulse of compression, which will be superposed on 
the previous pulse, so that the amount of compression, will be greater 
now. Therefore, as the fork vibrates, the magnitude of condensation 
(and hence the extent of oscillation of the layer at the mouth of the 
pips) is gradually inereased. The loudness of the sound being dependent 
con the amplitude of vibration, it will thus be magnified enormously. 


Hence qut. or AE since naa So V 74nl. 


M 4l 


Example : 

Sounded over a resonance tube, a tuning fork shows resonance with an air 
-column 94'0 cm. long and again with a column 741 cm. long. Explain this and 
:caleulate the frequency of the fork and the end-correction of a tubs, the velocity 
of sound at the room temperature being 340 metres per second. 

Ans. A resonance tube is a pipe closed at one end by & liquid level and the 
effective length of the pipa can bo altered. For such a closed pipe, the vibra- 
tion of the enolosed air column can take up any 074 multiple of its frequency 
n, (such as n, 8n, 5n, eto.) where 7 is given V4, V boing the velocity of sound 
and 1 the length oJ the air column within the pipe. . : 

Now it we take a resonance tube and adjust iis effective length so that its 
andam tal frequency is n thon on exciting a number of tuning forks of 
dequencies n, 3n and 5n, each such fork would resonate with the tube, although 
tho effact is loss as the harmonios are higher. Again, if we take only ono tuning 
fork with a frequency it would resonate with the tube of length 1 emitting its 
findamsntal tone. If now wə increase the effective length of the tubs till 1t 

- o)mos to 3L or very near it, the fundam mtal of the tube changes to a frequenoy 
:& such that i 
Boxe e Re qe bi ental frequency). 

nos uis 3% (the original fundam: req: y) 

For this length of the pipe the new resonant frequencies are n', 8n', 5n', eto. 
Now 3n'2n. So the fork of a frequenoy n would also actuate the resonance tube 
«when the length is made very nearly thrice the original. 

If 1=24'0 om. l/=74'l om, A=the wave-length and a=the end-correction, 

2=4(l-+2) 24(84--2) and 31. 4(L-- 2) - (T41-- 2). 
Thus 8x 4(244-2)—4(14'1--), whence z—0'2 em. 
-Again 4—3(l—1) —100'2 om.- wave-length of fundemental frequney. 


Thus n= i E [860.3888 m./sec. 
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57. Organ Pipes—Broadly speaking. there are two classes of 
musical instruments working upon the vibration of air column. These 
are (i) fixed lip instruments and (ii) vibrating reed instruments. 
These have already been described in Art. 2. 


Position of Nodes and Antinodes—It has already been stated 
that the air is unable to vibrate at the closed end of a pii e, 80 that 
a node is always formed at this region. But at the end itself the 
air will suffer considerable compression and rarefaction due to forward 
or backward movements of air in its vicinity and so here the variation 
of pressure would be the greatest 

Again, at the open end the air is free to move and a slight 
variation of pressure, would cause considerable movement of air which 
is, therefore, not affected by pressure ; thus the variation of pressure 
at the open end would be very small. Hence, in general, where the 
displacement is maximum, the variation in pressure is minimum and 
vice versa, The positions of the nodes and antinodes in a vibrating 
air column, as in an open organ pipe, were demonstrated by Koenig 
in the following way. 

A wooded organ pipe is taken, one side of which is replaced by & 
glass plate. A light pan is suspended by a long string, on which 
a little sand is sprinkled. The organ pipe is held in a vertical position 
with its mouth downward and js sounded. The pan with the send is 
now slowly lowered into the pipe. When the pan is at a position 
where the air vibrates, the motion of air is communicated to the pan. 
Dae thereto the sand particles are seen to the dance on the pan. 
It is found that at certain positions, the sand particles remain 
practically. motionless. Such places are nodes. At certain others, 
they dance with maximum vigour and the rattling sound caused by 
the collision of tha sand particles with the membrance can be distinctly 
heard. Such places are antinodes. 


The variation of pressure in a gas due to sound wayes can be 
demonstrated by the manometric flame method, also due to Koenig. 
The apparatus consists of a stretched elastic thin rubber membrane 
B dividing a chamber into two compartments (Fig. 65). One of these 
may be connected to the speaking the tube T, while the other forme 
a reservoir for coal gas ard is connected to two narrow yjipes. 
Hither of these pipes C acts as the 
inlet for gas, while the other D 
terminates in a pin-hole Lurner. By 
turning the tap attached to O, the 
pressure of the gas can be so ad- 
justed that the flame F becomes 
very sensitive to slight alteration 
of pressure. At this stage-a slight 
rise of pressure will increase the height of the flame to a marked extent, 
while if the pressure falls very slightly, the flame is extremely small. 

To show nodes and loops of an organ pipe, holes are bored at 
regular intervals on the body of the pipe and a manometric flame is 
fitted at the hole. 


Fig. 65 
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If now a sound is produced in the organ pipe, the membrane will 
be set into a periodic vibration in proportion to the amount of 
pressure falling upon it. This membrane in its turn communicates 
the same changes of pressure to the other chamber, which produces a 
corresponding fluctuation in the flow of the gas to the burner. 
Consequently, the flame is caused to jump up or down to an extent 
propor.ional to the pressure of the sound waves falling upon the 
diaphragm at any ios'ant. The frequency of these jumps is equal 
to that of the wave. ‘The manometric flame flickers most at the node 
bub scarcely at an antinode, Since the variation of pressure at the 
nole is very rapid, nob all the jumps of the flame can be visualised 
by the nakei eye. Only some sort of flickering may be observed. 
Proviied with plane mirrors on its four sides, a rectangular box is 
rotated about a vertical axis in front df the flame. Successive stages 
of the flame are then seen reflected in the mirrors (Fig. 66). 


Crm 
AULA = 


Malik 
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Fig. 06 Fig. 67 


Figura 67 is aa enlarged view of the flame dancing in the revolving 
mirrors, when differant sounds are produced before the collecting 
funnel, The uppermost one (Fig. (67, 1) resembles a straight and 
uniform band of light. Obviously the flame is steady and no 
sound has baen produced before the funnel. Figure (67, 2) is that of 
tha flam», when a tuning fork is sounded. Figure (67, 3) represents 
the typa of the flame when another tuoing fork having double the 
irejueney is placed before the collector. Not that the teefh of flame 
are exactly half of thosa in figure (67, 2). The next figure (67, 4) is 
due to the two forks being simultaneously sounded, Figure (67, 5) is 
obtained, when the vowel O is uttered along with the note of the 
tuning fork used in figure (67, 8). Thus from a study of the forms 
of the flum» reflected in m rotating mirror, the pressure variation in air 
can bə detertad. Nowadays an oscilloscope with a microphone is used. 
Various types of sound curves are formed, which may be examined. 

58. Quality of Musical Note—As already stated, the quality 
of a musical note is that property which distinguishes a note produced 
by one instrument from a note having the same pitch and intensity 
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but produced by another instrument. A musical scund can be analysed 
by presenting it successively to a series of resonators of different sizes. 
It is found that any particular note excites a numbir of such resona- 
tors and that the magnitude of excitation is different in different 
resonators ; the series having the lowest frequency gives cut always 
the maximum resonance. From this it can be concluded that & 
musical note is a misture of several simple tones. Of these the cne 
having the lowest frequency snd known as the furdemenisl is most 
intense and defines the ]itch of the note. The other tenes or overte nés,. 
which also are present, cary in number ard relative is tensities. The 
difference in quality of notes in due to the presence of the overtones 
in unequal numbers and intensities. 


Physiological Effect of @vertones—Helmbholtz mede a series of 
observations regarding the cflect of overtones on the sweetness of 
a sound. He found that a note, consistirg of a fundemental and œ 
first few relatively feebler harmonies rot exceeding the sixth, is very 
aggreable to the ear. On the other'hand, a harsh and metallic sound 
has got harmonies higher than the sixth which ere relatively more: 
intense. 


Production of Overtones— To come extent the production of 
the overtones depends on the nature of exeitaticn of the soundir g 
body, Thus & stretched wire when plucked with the yoint of quilli 
pen emits metallic round, but when shuck with a pedded hemmer it 
yields a oft and a more pleasant note. Also the material ard skape + 
of the vibrating body markedly influence the quality of note. Thus 
when sounded in air, a tunirg fork cmits a s'mple tone, Lut when 
placed upon a hollow box, gives out a fuller note which is due to the 
vibration of the box. The length of an organ pire determines the 
pitch of the note; but its shape governs the quality. A nvmler of 
organ pires of different materials and st apes luf of the seme length 
emits quite distinguishable notes, althcugh tkey are of seme pitch. 


Detection of Overtones—A series of resonators, bavirg natura} 
frequencies in a gradually ascending crder, js arrar ged cn a table. 
Each resonator is provided at its Lottcm with a collecting funnel 
fitted with a tube which leeds to the ear of the observer. The scurce: 
of sound is taken over the resonators, one after the other. The resonators, 
which ‘speak’, ie., respond to the €cmposite note, are marked. The 
natural frequencis of the reconaters can Fe Ceteymined frem their 
dimensions. Thus the overtcnes present in the rote cen ke detectcd. 


59. Projection of the Displecemeni Curvc—Fcr the demons- 
tration of the wave nature of musical notes or speeches, an apj aralus, 
known as the phonedeik (Fig. €8) ard constructed by Miller, is used 
Ts consists of a conical horn or mouth-piece ©. Ayproximately 00002 
inch in thickness, a glass diaphragm D is stretched in a suitable 
holder across the narrow end of the horn. One end of a thread (or 
of a fine platinum wire) is attached to the centre of the diaphragm. 
The thread is coiled a few tices over a small pulley P and is finally 
attached to a spring S. The Pulley is mounted on a spindle, about 
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which it can rotate almost without friction. A very light and small 
mirror M is rigidly fixed 
to the spindles A thin 
pencil of ligat from B 
passes through the convex 
lens L. On being reflected 
from the mirror M, ib is 
made to converge on & Fig. 68.—Miller's Phonedeik 
sensitized film F, which can 
bə drawn continuously in one direction by & clock-work arrangement. 

Whenever a sound is made near the mouth-pieco O, the waves 
move towards the narrower end and finally impinge upon the 
diaphragm. So the waves produced by the sound geb more and more 
intensified. The motion of the diaphragm is communicated by the 
silk thread to the pulley which is made to oscilate either way 
through a small range proportional to the displacement of the 
diaphragm. Being rigidly connected to the spindle, the mirror 
makes a movement similar to the pulleys. A spot of light reflected 
from the mirror on the photographic film, further magnifies the 
oscillations of the mirror- 

When no sound is made near Q, the mirror is steady and on 
moving the film a straight bind of light is observed. But wren a 


source of sound is placed before it, the morror moves sideways with 


the frequency of the waves and the spot of light makes a periodic 
curve on & moving film. Figure 69 shows the nature of a sound 
curve on a moving film. For the recording of sounds there are also 


llle 


Fig. 69—A Sound curve on a film 


other mechanical and electrical devices ; but this method is considered 
to be the most efficient, because by this optical arrangement the 
movement of the diaphragm is magnified about 2500 times and gives 


a film record about 2b inches wide. 
EXERCISES ON CHAPTER VII 


Reference 
1, Describe, with a diagram, an open organ pipe, and explain Arts, 
ves are formed when it is excited. 55 & 66 
ae our (CJ. Gau. U.—1965, Pat. U.—1911) 
2. The pitch of the fundamental note of an open organ pipe, Art, BB 


G3 om. long, is the same as that of a stretched wire, 20 cm. long 
vibrating transversely. If the mass of the wire be 01 gm. per 
em, find the tension of the wire. Velocity ef sound in air —380 
maetors/sec.) (P. U.—1571) 


Ans, 107 dynes, 
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Reference 
Art. 55 


Art. 56 


Art. 55 
Arta. 
53 & 54 


Art, 55 


Art, B4 


Arts. 
54 & 55 


Art. 55 


Art, 56 


Art, 56 
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3. Discuss the formation of nodes and loops in an open 
organ pipe. What should bs the length of such a pipe to produce 
a fundamental note of frequency 256, of the velocity of the sound 


in air ba 1,180 ft, per sec. 7 
(U. P. B.— 1968 ; Dac, U.—1961 ; All U.—1965) 
Ans. 291 ft. 


4, Two open organ pipes of lengths 50 om. and 50'6 cm. 
produce 3 beats per second, Oaloulate the velocity of sound in air, 
f (P.U.— 1971) 

Ans, 880 m./seo, 


b. The frequency of the fundamental of an open organ 
pipe is 198 o. p.s. What are frequencies of their first three 
overtones ? (Gau, U.—1961) 

Ans. 156, 884, 512. 

6. You are to prepare an open organ pipe, having its funda- 
mental frequency 240, What is the length of the pipe so prepared ? 
(Ve'ocity of sound in air at N.T,P.-380 metres/sec. (P. U —1962) 


Ans. 68°75 cm, 


7. If the velocity of sound in air at 0°C is 382 metres per 
second, find the shortest length of the tube, open at both ends, 


"that will be thrown into resonant vibration by a tuning fork of 


frequency 256, when the temperature of air is 500, (Raj U.—1972) 


Ans, T'OT8 cm. (nearly). 


8, Describe the modes of vibration of the air colpmn in a 

close pipe. (Dac. U.—1968 ; Utk. U.—1962 ; And. U.—1970 

Of. Gau. U.— 1968 ; Del, H. 8. 1972) 

9. Describe the possible modes of vibration of air column 

in a closed and open organ pipes. Show that the frequencies of 
overtones are related to that of the fundamental note. 

(P. U.—1971; U. P, B.—1961 ; Del U.—1972; 

R. P. B.—1971; And U, 1964. ) 


10. The freqnency of the note given by an organ pipe is 312 


‘st 150. At what temperature will the frequency be 990 suppos- 


Ing the pipe to remain unchanged in length ? (All, U.—1963) 
Ans, 929'6*0. 

11. Explain how the pitch of a note emitted by an organ 
pipe, closed at one end and open at the other, varies with the 
length of the pipe. Find also the frequencies of harmonics given 
by such a pipe, when that of fundamental is 255 vibrations por 
Bec. (U. P. B.—1974) 

Ans. Any odd multiple of 256. 


12, Explain the formation of nodes and antinodes in closed 
pipe. How would yon detect them experimentally. 
(Del. U.—1969 ; P. U.—1966) 
18. Describe how you would proceed to find the velocity 
of sound in air with the help of a tuning fork of known pitch and 
a tubo of a adjustable length which could be closed at one end. 
(Dac. U —1966 '68; P. U.—1968; Utk. U.— 1956, "68, '78 + 
Anna, U.—1970; Pat, U —1971, 53, And, U.—1971) 
14. Desoribe brieffy how tho frequency of a tuning fork is 
measured by the resonance of an air column. 
What is the state of air in an open pipe when tho first harmonic 
is produced in it? 


15. Describs an accurate laboratory method of determining 


the velocity of sound in air, Deduce the formula used. 
(Bom. U.—1960; E. P, U.—1962, 78, Del. U.—1978) 
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: Reference 
16. A fork of frequency 950 is held-over a tube and maxi- Art. 56 
mum resonance is obtained when the colamn of air is 31 cm. 
or 97 om. long. Determine the end-correction and the velocity 
of sound. (U. P. B—1962) 
Ans. 9 oms.; 380 m.[sec. F 
17. The second overtone of a pipe closed at one end, has Arts, 
pon samo frequency as the third overtone of a pipe open at both 54 & 55 
ands, 
Neglecting end effects, compare the lengths of the pipes. 
(Gau, U.—1968) 
Ans. 5:8. 
18. Explain the resonance air column and describe how you Art. 66 


will use it for finding the velocity of sound in air. 
(Dac, U.—1961 ; Del. H. 8.—1958, '69, '71; 
Del, U.—1960, '71; P. U.—1966) 
19. How can the existance of nodes and antinodes in a Art, 65 
sounding organ pipe be demonstrated. 
An open organ pipe emits its fundamental note, Find its 
length, if the velocity of sound in air is 830 metros per sec. and 
it vibrates in unison with a violin string of length 8'8 om, under a 
“stretching force ot 7:89X10* dynes, the mass of tho string per 
contimetre 0'0012 gm. (0, U.—1957) 


Ans, 1'34 metres. 


CHAPTER VIII 
VIBRATION OF RODS PLATES AND MEMBRANES 


+60. Longitudinal Vibration of Rods— Wben a rod is firmly 
clamped a5 its middle point and is rubbed length-sise with a piece 
of linen or soft resined leather, it = A 
gives out a.shril note. This is PEE 23:2 (g) 
due to the longitudinal stationary 
vibration of the rod. The rod Aue PA ~ NA 
is alternately elongated and com- js M L (b) 
pressed in its course of vibration, 
producing nodes and aptinodes ANANA yay AN ^ (9 


; joints within its 
ab a number of poin FM 


body. 
ds of the rod have got the maximum vibration and 
Beret inodes. The middle part, being clamped, 


are always the seats of ant r j e 
is “axed and has gob a nole. Therefore the simplest possible vibration 
occuts when there are two antinodes at the ends together with a 


node at the middle. The wave-length of the compressional wave 
within the material of the rod is consequently equal to twice the 
length of the rod. So the entire length of the rod is equal to half 
tha wave-length of the disturbance travelling through it (Fig. 70a). 
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To find the velocity of sound through the rod, the pitch of the 
note emitted by the rod should he determined by comparison with a 
sonometer wire. Let the frequency be m.. 

Then Venr=n x Ql. : 

From this V can be experimentally determined, But the piteh of 
the note is very high. So it is extremely difficult to find its frequency 
by a method of comparison For determining frequency of vibration 
ot the rod there is however, an indirect method, which is as follows. 


We know that 
= 3 
V=,/—=nx2l, 
Ne- xi 


orc ml. -. (60,1) 
92i P 
where Y stands for the Young's modulus and p the density of 
the material of the rod. On knowing the Young's modulus of the 
material and the density of the material, and by measuring the 
length of the rod, the frequency of vibration may be found. 

For example, if the rod is brass of length 2 metres, then Yourg’s 
modulus of brass 10x10'* dynes/em* and density is 8'5 gm./c.c. 
Substituting such values in the above equation, we get, 

-1 /10*10** 
400 8'5 

61. Kundt’s Experiment—To study the velocities of sound in 
different materials Kundt devised an experimental methcd. The 
apparatus, called Kundt’s tube, consists of a metal rod AB (Fig. 71) 
of uniform circular cross-section and of a metre or two in length. 
It is clamped at the middle and carries a small circular cork or 
cardboard dise D at one end. The disc and small length of the rod are 
so inserted a few 
centimetres within 
a glass tube G as 
not to touch its 
wall. The other end 
of the glass tube is 
ý closed by a mov- 

Fig. 71—Kundt’s tube able piston R. The 

whole system is 

firmly clamped on the table, such that during experiment the tube 
may feel no jerk. 

_ To start the experiment the tube is taken out and is thoroughly 
dried by passing a current of hot air from'a blower. It is then 
fixed in position and a thin layer of dried cork dust (or lycopodium 
powder) is evenly distributed into the tube in a column of a few 
millimetres wide running up to the dise. On now rubbing the rod 
lengthwise with a piece of resined leather, a stationary vibra'ion is 
seb up in the rod and the dise D vibrates backwards and forwards 
with the frequency of the note emiited. The air inside the glass tube 
is thrown into forced vibration. By reflection from the piston head R, 


=8'57 x 10* cycles per second. 
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stationary waves also are formed. During stationary vibration the 
movement of the air molecules sets the cork powder into violent 
agitation. In order to secure the best possible effect, the point R is 
slowly adjusted, while the rod is being excited by rubbirg. 


Under the steady stationary vibration the powder in the glass 
tube is seen to be violently agitated and thrown away from certain 
regions and collected in heaps at others. At the antinodal regions the 
powder thins out, since the yibrations at those places are maximum. 
At the nodes the powder collects in heaps. Varying with the length 
of the tube between the dise and the piston head, there are in 
general five or six such heaps. The average distance between two 
consecutive heaps is equal to half the wave-length in sir. 

Let the mean length of each loop be 7, the length of the rod be 
L and the velocities of sound in air and in the rod be Va and V, 
respectively. 

Then Va=2nl and V,792»L í 

. Vr. D _ Length of the rod 
E = PNEU oom (61721) 
Va 0 Length of the ‘oop 

Thus the velocity of sound in either air or rod medium being known, 
that in the other can be found. Or, even the frequency of vibration 
of the rod being known, Va or Vn can be indirectly determined. 


The experiment also offers a possibility of measuring » which is 
the ratio of the specific heats of & gas- Put the gas inside the 
Kundt's tube at a known pressure P. The method already described 
30 as to find the velocity of sound in the gas. Let the velocity be V. 
Then by any method find the density p of the gas at the temperature 
and pressure of experiment- 

TD 2 


Then, V*-4/-——,. or y- Y. sac (61, 9) 


Thus V, P and p being known, ¥ may be determined. 

To compare the velocities of sound in the gases, fill, the gas tube 
with one Pad and repeat the experiment as described. Hind the 
average distance between the heaps. Call it l1. R peat the experi- 
mont with the other gas and find the length between the heaps in 
it. Denote it by le. 

Va nh, ola, (61, 8) 

Then yg a ela 
Vi and Va being the velocities of sound in the two gases respeo- 
tively. This ratio gives the desired comparison. 


Examples $ 


. A glass rod, 
longitudinal vibration. 


d? 
i pos PSince the rod is clamped at the middle, the free ends of the rod in 


if the desired velocity te V, then from 


g°5 feet lorg, is clamped at the middle, It is set into 
What is the velccity of sound in glass, if the freqency 


course of vibration form antinodes. Hence 


the f V=2nl we find that 
E V=(2 x 2590 x 25) 1t.[gco. = 19950 ft. sec. 
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J. A rod, 140 oms. long and clamped in the middle, is in resonance with an 
alr column, 50 ems. long. When the rod is set into longitcdinal vibrations, tho 
powder in tho tubo arranges itsolf in a loops. Find the velocity of sound in the 
tod, the velocity of sound in air being 830 moters per second. [Gvj. U.—1906) 


Ans. Tn a longth of 50 cms, of air thera aro 5 loops. Henco the length of each 


“loop = 10 oms, 
Now since the volocity in air is glv.n to be 330 m./seo., we have 
Qn X 10=320, the symbol s carrying the usual significance, 


= 28 
ones 
Honco the roquired velocity in the rode (gX» X140) m./sec. = (883x140) m./sco. 
4610 m.[sec. » 


«6^, Transverso Vibration of Rods—Clamp a uniform 10d of 
any material having ® rectangu'ar cross-section 
at its lower end in a vertical position (Fig. 72). 
When the rcd is diawn aside and then releascd, 
it begins to vibrate sideways with the fixed end 
fs a node and the free end as antirode. ‘his 
sort of vibration of the rod at right angles to its 
length is known as the transverse v.bration of 
the rod. The. frequency of such a vibration 
depends upon many factors, viz, the elasticity: 
and dens ty of the material, the lergth of the 
bar and the thickness in the plane of vibration. 
Moreover, the bar can vibrate in various seg- 


tones me non-harmonic and are not in the 1atio 
of exact natural numbers unlike the case with 
a string. E 
Tt can bo shown that the ratio of tho vibration frequency of the first over- 
tone and that of tho fun¢amcntal is approzin ately 6, so that if a rod vibrating 
drat gives out a fundamental tore of frequency s, the first overtone of 
frequency (approximately 6n) will be fecbly present in it. Still higker cv. rtones 
-aro almost undetectatlo. 


86. Vibration of a Tuning Fork- A tuning fork is a unif om 
U-shaped stcel bar of rectargular cross-section with a stem attached 
at the bend. The vibration of the two prongs of euch a fork can be 
sindied by considering the successive steges of vibrations of a bar 
which is ,raduslly bent to its ususl thepes. Figure 73,1 shows & 
straight jiece of a bar vibra ing with the two rodes eqvicistant from 
the middle, As it is bent slowly in the midcle, the nodes come 
closer together (Fig 78, II-1V) until when it takes ‘he usuel shope 
ota tuning fork (Fig. 73, V), the nodes are very close to each other 
‘at the bend. 


The vibration of two prongs at this stage is analcyous to the 
vibration of two similar bars clamyed at their lower extremities, 
Althongh the attachment of the stem, as in a turning fork, considera- 
bly moéifies the problem, tke frequency with which each limb 
vibrates, obeys the seme law as that of a bar clamped at one end, 


ments giving oub very feeble overtones. These 


re anal 


'wiz, that the frequency of the fundamental tone varies inversely — 
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n; the square of the length and directly as the thickness in the 
plan» of vibration. It does not sensibly depend upon the width- 
of the prongs perpendicular to the direc- 

tion of vibration, For this reason tuning V ? 
forks of low frequencies are thin and long, i 

while those of high frequencies ars very 

stout and short. The two prongs of the 

fork should be exactly alike. n 


Since the hig: frequency overtone of 
bar, clamped at one end, is extremely 
feoble, the tote given ou^ by a fork, unless 1 
violently struck, consists entirely of the 
fundamental and is, therefore, the purest LL LLL————— 
possible one. The vibration of an ordinary N 
tuning fork is simple harmonic in nature Fig, 73 
and therefore approaches the ideal sine 
curve. Tho frequency is not appreciably effected by a mcderate change 
of temperature or the magneti sation of the steel. For this reason a 
tuning fork is used as a standard of frequency source. 


64. Vibration of Membranes and Diephragms—The membranes 
have definite surface area. The frequency of vibration depends uyon the 
shape, the restocing force, thickness and the density of the- 
material of the membrane. The note emitted by the natural vibration 
ola plate or a membrane is not musical. A stretched circular 
membrane, when loaded at ii centre, produces & partially agreeable 
note. A familiar example of this is the Indian Tabla. 

From. what has been stated nbovs it may be supposed that. a 
diaphragm gives oub ® non-musical sound. Bub the gramophone 
sound box (Vide Chap. IX) or the modern form of loud-speakers 
(Vide  ‘Blectricity’) used in radio or talkie machines nro ell 
provided with some sort of diaphragms, the forced vibration of which 


produces music. 


Exercises ON Onarran VIII 


Reference 

1. Explain fully Kandi's Tabo method of finding voloolty of Art. 61 
sound in air. (Raj U.—1970; R. P. B.—1911, Del U —1909, 
‘And U.—1962, Guj U.—1505, P. U —1968, *61) 

9 Give brifiy the construction and mode of nection of è Art, 61 
Kund'« Tube. Bhow how It may b: used to compare the velocity of 

sound fa a gas with that in nic, 

(Bom, U.—1965, P. U.—1966) 

Art, 61 


9. The distance beiween consecutive heaps in a Kandt's Tube 
experiment is 12 oms. and the length of the rod 1s 190 cms. What 
is the velooity of wound ia the material 0f the rod, the v in 
air boing $80 motres per second? 

Ans, 8300 m.Jsec. 

4. How woald you determine €: rimentally with a Kunit’s Art. 6h 
Tabs the velocity of sound in (a) solid; (b) air? (E. P. U.—1970) 
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A Kundt' b d indicate its 
» 61 5, Describe the working of the Kundt’s Tube and indicate 
A various applications. (Nag. U.—1978J 

6. Describe with a neat sketch, soma method of measuring 
JUNGE velocity of sound in glass rod, (U. P. B.—1970) 
Art, 61 7. Held in the middle and set in vibration longitudinally, a 


rod, 1'5 metres long, gives the same note as an open organ 
Weari peto long, Calculate the velocity of sound in rod, (Vel, 
of sound in air—z30 m./.ec.) 
Art. 63 8. A glass plate with its surface smoked is allowed to fall 
freely such that a vibrating tuning fork traces a wavy curve on 
it, It is fonnd that two consecutive groups of 80 waves occupy 
5'88 cm. and 15 68 cm, respectively. If the frequency of the fork 
is 300, deduce the value of g, the acceleration due to gravity, 


Ans. 980 oms./se0,* 


CHAPTER IX 
ACOUSTICAL TECHNOLOGY 


65. Recording and Reproduction of Sound—The first attempt 
at a mechanical recording of speech and music may be traced back 
as early as 1864 when Scott and Koening invented the Phonautograph. 
Thirteen years later, an improved model, known as Phonograph was 
devised by Edison. This could r.cord as well as reprołuci sound, 
Later on, remarkable improvements in the design of the instrument 
were made by Bell, Tainter and Berliner. In recent years the 
electro-o; tical method of recording and reproduction has come into 
existence due to the efforts of Rankine, Case and many other scientists. 


Phonograph—The apparatus consists of a metallic ring 8 (Fig, 74), 
which is provided at this lower end with a very thin glass or mica 
diaphragm uniformly stretched in suitable holders. This is called the 
sownd-bor. A sharp metal style is fixed rigidly to the centre of the 
diaphragm. The sharp end of the style touches the surface of a 
cylinder D which ean be revolved about its axis by a handle K or 
by a elock-work arrangement. The cylinder is mounted upon & screw 
A, whieh gives it a continuou lateral motion as i; revolves. In order 
to allow a uniform rotation the drum is provided with a heavy fly- 
wheel F. For purposes of magnification of sound there is a horn H 
which can be screwed to the sound-box 8. . 


Principle of Recording—The Source, whose sound is to be recorded, 
is placed before the horn. The air pulsations, produced. by the source, 
travel down the horn and beiag thus intensified, strike against the 
diaphragm. The diaphragm is, therefore, thrown into a forced 
vibration which is exactly synchronous with the source. The style 
is consequently made to more up and down against the cylinder which 
i: wrapped up with a” sheet of soft tinfoil or & layer of solid wax, 
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When the cylinder is rotated at a uniform speed, a spiral trace of 
varying depths due to the up-and-down movements of the style is 
engraved on its surface. In this way curves due to sound waves are 
engraved on the cylinder, which we might call the original record. 


Principle of Reproduction—In order to reproduce the sound, the 
sharp style attached to the sound-box is replaced by a rounded 
sapphire point. On allowing this point to trayel & second time over 
the same groove, the diaphragm is made 
to follow the same sequence of vibrations 
and the original sonnd is reproduced in 
the same order in which it was produced. 


Drawbacks of a  Phonograph—The 
following are the chief defects of a phono- 
graph. 

(i) The materials, with which records 
are made, are soft and consequently the 
impressions made by the engraving style 
rapidly deteriorate. 

(ii) Th» groove. through which the 
reproducing pin run, can move the 
diaphragm in one direction only, viz., 
upwards. Tha reverse motion had to be 
reproduced by the elasticity of the dia- 
phragm. ‘Thus it presses somewhat heavily 
upon wax to enable it to follow the rapid 
vibration, 

(iii) Tae quality of tone in reproduc- Fig. 75—Dise Record 
tion is poor. 

66. Gramophone—Toe defects, stated above, were largely 


rectified by Berliner by making improvements. on sound-box and 
algo making the records in 


the form of flat discs in 
which spiral. grooves are 
eut from the rim to the 
centre. Instead of being 
of varying depths, these 
grooyes contain small trans- 
versely etched periodic 
curves of varying width, 
representing speech of music 
with approximately uniform 
depth (Fig- 75). Thus if a 
needle point is placed in 
the groove, it would oscillate 
sideway, along with the 
7 rotation of the record the 
Fig. 76 -Original form of Gramophone movement being imparted 


by the transverse curves in the groove. The original form of 
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oHa is shown in figure 76. The dise record is rotated by 


the handle T. am t 

cord, on which the first impression is made, is composed of a mixture 
of Eee an electroplate of it is made on a metal plate, known as the 
parent record. The records, that are available in the market, are made of & 
composition of some inert powder with shellac or some similar material as the 
binder. On heating this composition, it assumes a soft state. lt is then rolled, 
cut into usual shape and then pressed upon the eleciroplate. The spiral trace is 
about 4 turns per millimetre. 


The Sownd-Box—The sound box is provided with a rounded needle 


point which slides in the groove of the record (Fig. 77). The needle 


N is rigidly screwed to a lever system L with its fulcrum hinged on 


fixed to the centre of the diaphragm. Made 
usually of mica, the diaphragm M, which is of 
about 4°5 em. to 6 em. in diameter, is mounted 
between rubber rings R, R- called gaskets and 
forms the front of a small. cylindrical box of 
some metal called the sound-box.. This is 
connected to a conical pipe called the tone arm 
which can move freely, on a veriiosl axis, 
As the record revolves, the tone arm together 


centre of the disc. along the grcove. The 
sound is magnified finally through a horn, 
Both in recording and reproduction the speed 
of the dise is maintained uniform. The various. 
accepted speeds of rotation of the records are 78, 45, 33 and 95 
revolutions per minute. The lower speed records are popularly called 
the long playing records. 

The Recording Style—A sharp metal style is pivoted place of the 
needle. When under the impulse of the - 
incoming sound waves the diaphragm 
moves sideways moving the style within 
blank grooves producing zigzeg periodic 
curves, 


The gramophone machines used now- 
a-days are provided with folded horns 
which are fitted within the cabinet or 

` box. Figure 78 gives a perspective view 
of the nature of horn. ʻA” denotes the 
pipe connected to the sound-box through 
the tone arm and forms the tapering 
end of the horn. The tube then gradually 
widens and enters into the horn through 
the two openings. It isa compact form 
of a horn, which is folded in the Fig. 78—Folded horn 
peculiar way. 


The modern method of recording is electrical. Instead of having 
a mechanical sound-box the reproducing machine is sometimes provided 


Fig. 7 


a pair of V's. The other end of the lever is | 


with the sound-box gradually moves to the fi 


T TERN haris wy "ET 


Kd dp I t 
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with an electrical pick-up which produces a modulated induced 
current as the ‘pick up’ runs through the groove. This feeble 
modulating current finally passes through a loud-speaker, before it 
gets amplified through a combination of radio valves or transistors, 


67. Hot-wire Microphone—This is an apparatus for detecting 
electrically a periodic disturbance in air. Itis very sensitive and is 
able to receive both continuous and discontinu- 
ous sound waves. For this reason such micro- , 7 
phones are largely employed tor sound ranging ; 
purposes. It esseatiily consists of a fine wire 
of platinum stretched across the mouth of a 
hollow air vessel. The enis of the wire ter- 
minite in binding screws S, S and are care- 
fully insulated from the body of the vessel. 


Whenever a series of air waves due to the 
sound from a source falls upon the vessel, 
an antinode is formed at its neck. The vibra- 
tion at this region is the greatest, when the 
air vessel is tuned to the wave frequency. 
Dae to the vibration of air there is a cooling 
of the platinum wire resulting in it, change j 
of resistance. If an electric current is previ- Fig. 79 
‘ously established in the wire, then with sound waves falling on the 
microphone, there would be periodic variation in current passing 
through the circuit and a galvanometer placed in the circuit would 
be similarly affected. ihe oscillation of the spot of light reflected 
from the mirror of the galvanometer is received on à moving photo- 
graphic film. In order to have a very sensitive reception, the vessel 
should be approximately tuned to the frequency of the incoming 
waves, The principle of such a microphone has been developed 
mainly by Tucker and Paris. » 

*68. Sound-Ranging—The location of the hostile guns behind 
trenches became matter of absolute necessity during the Great War 
of 1914-18 and a soecial device known as Sound-Ranging was adopted 
on war fislds. Tne principle upon which this method depends, is 
given below : D J 

A number of sound-detecting stations, each provided with a hot- 
wie microphone, is selected on a base line at a distance of four 
to five miles from the enemy front line. Usually five or six in number, 
these are separated from each other by a few hundred years. These 
microphones are electrically connected to a central station, where 
the reception of a sound wave in any of these microphones due to a 
gin-fire is automatically recorded on the same photographic film. 
Nearly a mile ahead of the base line there is an observation post, 
from which by turning a switch the electrical connections between 
the central and the detecting stations can be established. 

Wnenever the sentry, placed at the observation, post, receives 
any sound of explosion, he puts on the switch with a view to operate 
all the microphones. As the explosion wave sweeps over the stations 


Pt. 1/S—7 
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jn successions, momentary impulses of air fall upon the microphones, 
one after the other. Thus a short wavy line corresponding to 
5 each microphone is 
recorded on the 
photographic — film 
which is moved at 
a known constant 
speed. Since some 
time elapses between 
the receptions of the 
sound at different 
stations, waves are 
traced one behind 
the other at some 
fixed distances on 
the phótograpic film, 
Fig. 80—Sound-Ranging depending on the 
corresponding inter- 
vals. From the rate of motion of the film these intervals can be 
found. Let the interval between receptions at the first station and 
second be /, and that between the first and the third be tą. Let the 
velocity of sound of the explosion be V. 


The position of the source sound is geometrically located by 
the following construction, Adopting a suitable scale, arrange the 
system of stations 1, 2, 3, etc., on a piece of paper (Fig 80). With ` 
l as centre and Vt, as radius on the same scale draw a circle. 
Again with 2 as centre and Vf, as radius draw another circle. 
Locate the centre. S of the circle that will pass through O and touch 
these two circles. The centre S is the position of the source. The 
Circle, which has been found by trial, evidently represents the wave 
front when the first 
station O has received 
the report. At this 
instant the wave front 
lies at distances of Vt, 
and Vt, from the two 
stations marked 1 and 
2 respectively. 

69. Velocity of 
Sound from a Pro- 
jectile—So long as the 
velocity of thesounding 
body is less than that 
of the sound produced, 
the number of waves 
per second from. it 

reaching. an observer Fig. 81.—Photograph of moving Bullét 
„would be governed by 

the Doppler's principle. But when the projectile is a high speed 
‘bullet shot out from a rifle, its vilocity exceeds that of sound. At 
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every point in its path of flight, the bullet generates spheres of 
compression which expand with the velociy of sound, while it moves 
faster than the rate at which these spheres are growing. As a result 
of this, it produces a conical wave front, which at any assigned 
instant lies along the tangent planes of these spheres with the bullet 
at the apex (Fig. 81). An apparatus for. taking photograph of the 
condensation waves in air due to a flying bullet has been designed 
by Prof. R. W. Wood. A similar type of wave is generated on the 
surface of water, when a steamship makes its way through a calm 
sea or even when a pointed end of a stick is drawn quickly along 
the surface of still water. 

Just after the War, a thorough investigation regarding the 
explosive sounds of shells has been made by Esclangon, Villard 
and others. They hold that there are two distinct types of waves 
associated with an explosion. One has very low frequency. below 
the audible limit and is described by Esclangon infra-sounds. or 
infra-sonics ; the other is the ordinary audible sound. Both these 
waves can be detected by hot-wire microphone, 

*70 Hydrophone—It is an under-water microphone receiver and 
is used for finding the direction of a source of. sound in each depth- 
sounding and also for sound-ranging purposes. It.consists of a heavy 
metallic circular ring A to which a. metal, diaphragm D is rigidly 
attached. Figure 82. 
shows a hydrophone 
in cross-section, and 
figure 83 its per- 
spective view. The 
centre of a metal dia- 
phragm is connected 
to a movable metal 
plate in a box 
containing carbon 
granules C, the com- 
bination forming a 
microphone receiver. 
Wire from a cable 
are connected sepa- 
rately to the dia- 
phragm and the 
other end of the box. 
The cable is finally 
connected to a tele- Fig, 82 
phone receiver and Hydrophone 
the battery of cells in 


ies. In order to cut , A 
off any RRS ‘of sound from the back side of the microphone 


box which is provided with a screen called the baffle P (Fig. 83). 
When a compressional wave-motion passing through water im- 
pinges normally on the diaphragm, the latter is thrown into a forced 


vibration. Any movement of the diaphragm produces a fluctuation of 
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Tesistance of carbon granules'in the microphone box producing a 
corresponding modulation of electrical current througn the telephone 
receiver. (Vide VOLTAIC ELECTRICITY). 


The telephone is applied to the ear of the operator. The hydro- 
phone is then gradually lowered into water by means of the cable 
attached to it. It is then gradually rotated in all possible directions 
until the maximum sound is heard. In this position of the micro- 
phone, the source is in the direction normal to the diaphragm. The 
directional property of reception acquired by the hydrophone is due 
to the introduction of the heavy metal annulus. When the direction 
of propagation of the waves is such that they normally impinge upon 
the baffle. no sound is heard in the phone. The accounts for its 
nomenclature deaf side. 

By means of two or more microphones, commonly called the 
Sentry microphones and placed at a definite distance along the bed of 
the sea, the method of sound-ranging is often emplcyed to detect 
the position of a submarine, the source of sound in this case being 
the rotating propellers of the submarine. Hydrophones are also 
used to locate submerged objects-and icebergs by the process of an 
echo depth-sounding. x 

71. Echo Depth-Sounding—The measurement of the depth of 

~ thesea is called the depth-sounding. From very early ages it has 
been a matter of vital importance to the sailors to measure thc 
depth of water along the course ofthe ship for a safe navigation. 
Formerly this had to be done by lowering a lead line till it touched 
the ssa-bed. This process is tedious and requires the speed of the 
ship to be appreciably slowed down; moreover, whenthere is a 
Strong under-current, the chain would not go vertically down and 
involve an error in depth measurement. For this reason, various 
improved methods of depth-sounding, based upon the reception of an 
Seno reflected from the sea-bed, are now-a-days employed. 


B B 

Fig. 84. Echo Depth-Sounding 
In one system of measurement the source of sound, producing à 
very short train of a high frequency waves, is placed at the bottom of 
the moving ship at the region S in question (Fig. 84), The train of 
waves travels out in. all directions in water. The hydrophone» is 
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placed in water at the bottom of the ship at S. When any sound is, 
produced, a sound beam travels from S to all directions in water. A 
sound beam is reflected from the bottom B' of the sea in a direction 
BA and. would actuate the hydrophone. When it has moved to the 
position A let the angle, at which it receives the sound be ¢. If the 
distance between the stern and the keel be x and the depth of the 
ship s bottom from the water surface be D, then the depth of water 
D is obtainable from the relation D=C+4x tan ¢. Specially, when 
the depth of the sea is large, the propeller of the ship may as well 
be chosen as the source of sound. 

Utilising the echo depth-sounding method, the distance of a 
moving submarine under water can be determined from another ship 
not very far 
from it. The 
first) proce- 
dure is to 
determine 
the depth of 
the sea by 
thedept h- 
sounding 
method as 
givenabove, 
Suppose the 
ship at the Fig. 85—Location by Echo Metiiod 


determine the distance R, of the submarine in its front (Fig. 85). 
On being reflected from the sea-bed the sound of the propeller of. the 
submarine is received by the hydrophone of the ship ot an angle ĝis 
say. Then from the properties of triangles it can be shown that 
R,—2D cot 0,. In a similar way location of a submarine in any 
other direction is also possible by this method. 

*72,. Stroboscopic Wheel—In its. simplest form a. stroboscopic 
Wheel consists of a wheel W (Fig, 86) 
having a number of equidistant, 
radial and rectangular slots, arranged 
symmetrically on the rim of the wheel 
which can be mechanically driven at 
a known speed. The tuning fork T 
under examination is placed òn one 
side of the wheel in such a way that 
the plane of vibration of the prong is 
parallel to the plane of the wheel and 
the longer sideis parallel to the longer 
axis of the slots. The tuning fork is 
ryn Sera a a grong light -is 

ocussed on the top of the prong , 

facing the slots. The wheel is then Fig. 86—Stroboscopie Wheel 
gradually set to motion and observation is taken on the prong 
horizontally from the other side of the wheel. 7 
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. When the speed is so increased that the interval, in which one slot 
is replaced | by the next, becomes comparable with the period of the 
fork, the prong seems to be oscillating slowly. When the motion is 
such that interval is made exactly equal to the period of the fork the 
prong would appear to be stationary, 3 j; 

From the number of slots on the wheel and its rate of revolution, 
the interval between the appearance of the two consecutive slots at the 
same position can be calculated, and hence the frequency of the fork 
can be determind. Rayleigh devised an electrical arrangement. for 
the automatic synchronous movement of such a wheel and it is 
known as the phonic wheel, 


73. Doppler's Principle—If a sounding body is moving relatively 
to an observer, the pitch of the sound is found to be altered. Thus if a 
locomotive blowing its whistle is moving at a high speed towards an 
observer, who is either standing by the railway line or moving in 
another train towards the first, the pitch of the whistle appear to rise 
more and more and then to drop suddenly at the moment when the 
locomotive passes him, The apparent change in the pitch of sound 
äs perceived by an observer due to relative motion of the source, the 
observer and also the medium was investigated by Doppler and is 
known as the Doppler’s Effect. 


Let the true frequency of sound emitted by the source be N. Then 
the source emits N waves per second and the interval between any 
two consecutive waves is 1/N. Let the velocities of the sound 
propagation, the source, the wind and the, observer be denoted by 
V, v, v, and v, respectively. Suppose that all are moving in the same 
directian ; (say, from the right to the left, so that the source moves 
towards the observer, the observer moves away from the source and 
the wind is blowing in the direction from the source to the observer. 


Suppose that at any instant a wave starts from the source. The 
next wave is generated after an interval of 1/N sec. The apparent 
velocity of sound is now V+,. So during this interval the first 
Wave moves over a distance equal to (V--v,)N. But during the same 
interval the source moves through a distance v/N and emits’ the 
second wave. Hence the distance between the first wave and the 


second at this instant is (V-+-v,)/N—v, /N. So the wave-length appears 
to be altered to X', rst RUNS] TONERS 


y-Nin = el het ead de) 7 (73; 1) 


„Hence when the first wave reaches the observer, the second wave 
is just at a distance X from him. As the observer is moving away 
with a velocity vs, the relative velocity between the sound and the 
observer is now V-v,—v,. Sothe observer will receive the second 
wave after an interval equal to A'I(V+vi—r;) second. 

Hence under this condition, the number of waves N’ reaching the 
observer per second is given by 

NS Mn mg Vr vs 


Vm RES Ny 0S1) 200523 
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As the pitch of a note depends directly on the frequency of the 
ew the above expression shows that the pitch is altered from 

o N’. 

Now consider the following three cases :- 

(i) Motion of the observer, the medium and the source being at 
rest—In this case, y=0 and v, =0. 


From (72, 2) it follows Nia tt. N, (03,3) 


This shows that the pitch of the note falls as the observer moves 
away from the source. 

If the observer moves towards the source, v, should be taken 
negative, so that 


Ne bta; N, 2 03,4) 


which shows that the pitch of the sound appears to rise as the 
observer moves towards the source, ; 

(i) Motion of the source, the observer and the medium being at 
rest—Here v, =0 and v, —0. 


From (73, 2) we get N= YS. N, 2 (0,5) 


which indicate a rise in the pitch of the sound. 
If the source moves away from the observer, negative sign is to 
be prefixed to ». In that case, 
EY N, 2 (73,6) 


N= 
which indicates a fall in the pitch of the sound. 

(iii) Motion of the medium—When the medium moves in the 
direction of the observer (the source and the observer being fixed), 
in equ. (73, 3) v=0 and v, =0 and so 

us AUN 22037 
Navies N, (73,7) 
or N’=N, i.e, there would be no change in pitch. 

The Doppler's Effect was also found in the astronomical. observa- 
tions on steller bodies. When the relative velocity between a star 
and the earth is such that the two are approaching, the frequency of 
the particular radiation as given out by the star increases ; when, 
on the other hand, the two are receding, the frequency diminishes, 
This affords a means of studying spect oscopically whether during 
any particular period the distance between a star and the carth is 
diminishing or increasing. 


Examp'es : 

1. Tne engine of à railway train approaching an observer with a speed of 
60) miles an hour emits a waistle whicu appears to have freqüency of 501. 
What would be tie frequoncy cf the note ieard when the train is moving 
away from tae observer with the same speed? ( Velocity of sound in air 


=1120 ft./sec. ) 
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Ans, Velocity of 60 miles/hour=88 ft./sec. Let the frequency of the whistle 
: apor sec. Waen, therefore, tne engine is approacaing the observer, then 
110-88" — 0L waen n=461°6. 


W.en the engine is receding from the observer, let the apparent frequency 
be my per sec. Ten 
1120 
1120+88 


2, Two express trains travelling a 60 miles per hour meet each other, when 
one sounds a wuistle, If the frequency of the note emitted be 800 per second, find 
its apparent frequency to an observer in the other train (a) before the trains meet 
and (b) after they have passed eaca other. Waat will be tae apparent frequency 
to a s ationary observer near the iine? (Given that the velocity of sound in air— 
1100 ft./second). 

Ans. The velocity of the source v 60 miles/hour =88, ft./sec. Let the velocity 
of tie observer be v ft./sec. The frequency (N’) of the source is 80) per sec. As 
there is no motion of the medium, let the apparent frequency as heard by the 
observer be N per sec. Thus, 

(@) when the trains are approaching each other. 


N= pv 1100+88 


Np —461:6, whence n, —428. 


=T= 1100 9007931; 
(b) when tke trains are receding from each other, 
1=1100-vy p 100—88 jg 
N 1003 v (ye N'= 1100.9 (8007 6815 ; 
(c) when the observer is stationary and the trains are approaching, 
21100488. enn aca . 
N Ti00 x 800=864 ; 
(d) when the observer is stationary and the train is receding, 
+ — 1100-8 
N 1100 x 800= 736, 


EXERCISES ON CHAPTER IX 
l. Describe a phonograph.and explain its action. 
(And. U.—1961 ; Dac. U.—1962 ; C. U.—1962) 


2, Describe a gramophone.’ How is sound recorded and reproduced ? 
(B. H. U.—1973, P. U.—1978, '82; 
(U. P. B—1979 ; Nag. U.—1978) 


. Summarise your knowledge about a gramophone sound box. 
1 A imu (U. P. B.—1984) 


3. 
4. Describe with a sectioral diagram an apparatus for receiving sound in water. 
5. 


How can the depth of the sea be measured by acoustical method ? 
(Del. U —1982) 


6. Describe a Stroboscopic Wheel. How can the frequency of a tuning fork 
be determi ed with it ? (Raj. U.—1983) 


7. Explain how the pitch of a note is affected by the motion of the source and 
observer. (Nag. U.—1980 ; R.P.B.—1979) 


8. What is Doppler’s Principle ? Explain it. 
(W.B.S.B.—1981, '83 ; Nag. U.—1962) 


